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SOMMAIRE 
 
La fibrose kystique (FK) est une maladie génétique autosomale récessive conduisant 
à une défaillance pulmonaire mortelle. Celle-ci est causée par l’expression 
dysfonctionnelle de l’allèle CFTR codant pour une protéine transmembranaire 
impliquée dans le transport Cl- des cellules de l’épithélium pulmonaire vers la lumière 
des voies respiratoires. Cette mutation induit la production d’un mucus visqueux qui 
entrave les voies respiratoires et favorise l’accumulation de bactéries pathogènes. 
L’éradication de cette présence bactérienne est maintenant l’enjeu primordial chez les 
patients FK afin de procurer un bien-être et de prolonger l’espérance de vie de ceux-
ci. Le cheval de bataille de cette lutte au mieux-être du patient FK s’appuie en partie 
sur l’efficacité des antibiotiques. Cependant, nous nous heurtons à la capacité 
d’adaptation des bactéries face à l’antibiothérapie, ce qui nous conduit à développer 
sans cesse de nouvelles molécules thérapeutiques. Ainsi, l’essence de ce projet de 
recherche a été de caractériser l’efficacité de la tomatidine (TO); l’aglycone de la 
tomatine (un glycoalcaloïde), produit par les plants de tomate et de son analogue : la 
molécule FC04-100. Par le passé, notre laboratoire a établi que la TO possède une 
action antibactérienne contre Staphylococcus aureus prototype via l’inhibition de 
l’expression des facteurs de virulences associés au système de régulation ARG ainsi 
qu’en agissant comme potentialisateur d’action des aminoglycosides (AMI). De plus, la 
TO est également un inhibiteur de la réplication intracellulaire de S. aureus small-
colony variant (SCV) infectant des cellules épithéliales pulmonaires différenciées 
(Calu-3). Le premier volet de mon projet a été consacré à l’évaluation du potentiel 
d’action de la TO contre S. aureus et Pseudomonas aeruginosa; deux bactéries 
fréquemment co-isolées des poumons des patients. Ainsi, lors de cette étude, j’ai 
démontré pour la première fois que la TO peut être employée seule contre S. aureus 
en tant qu’agent bactéricide lorsque celle-ci est utilisée en présence de P. aeruginosa. 
 III 
 
Ce phénomène dépend de la production par P. aeruginosa, du 2-heptyl-4-quinolone-
N-oxide (HQNO) de l’endopeptidase LasA. De plus, j’ai évalué la possibilité d’utiliser 
un AMI et TO lorsque S. aureus et P. aeruginosa sont en co-culture afin de réduire la 
population bactérienne de ces deux pathogènes. Les résultats obtenus ont permis de 
démontrer qu’une combinaison, de tobramycine (TOB) et TO, permet d’inhiber 
significativement la croissance bactérienne d’un S. aureus résistant à la méthiciline 
(MRSA) résistant à la TOB et P. aeruginosa, co-cultivés en condition planctonique. Le 
deuxième volet de ma maîtrise visait à mesurer l’efficacité antibactérienne de FC04-
100 en collaboration avec ma collègue Isabelle Guay. Pour ce projet, j’ai démontré 
l’efficacité de la combinaison FC04-100 et la gentamicine (GEN) contre un biofilm de 
S. aureus. Pour ce faire, j’ai utilisé une méthode de culture en microplaque 96 puits, 
permettant ainsi de former plusieurs bioflims et de tester plusieurs concentrations 
d’antibiotiques. Les résultats suite à l’exposition des biofilms à la combinaison TO-GEN 
ont démontré qu’il était possible de réduire significativement la viabilité bactérienne de 
S. aureus en biofilm. De plus, j’ai comparé l’efficacité de FC04-100 à TO dans un essai 
d’infection de cellules Calu-3 différenciées et infectées par une souche clinique de S. 
aureus SCV. Les résultats révèlent que ces deux composés diminuent 
significativement la viabilité bactérienne, et ce, en proportion similaire par rapport aux 
cellules infectées non traitées. L’ensemble des résultats obtenus dans ces deux projets 
a permis de démontrer clairement le potentiel antimicrobien de la TO et de son 
analogue FC04-100. Cette découverte apporte donc un nouveau squelette de molécule 
qui pourrait s’avérer utilisable comme antibiotique.  
 
Mots-clés : Staphylococcus aureus, Pseudomonas aeruginosa, fibrose kystique, 
tomatidine, co-culture. 
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CHAPITRE I 
 
INTRODUCTION 
 
I.I La fibrose kystique : l’origine et ses conséquences. 
 
La fibrose kystique (FK) est une maladie génétique autosomale récessive affectant 
majoritairement la population caucasienne. Cette maladie afflige un individu sur 2500  
dans la population des États-Unis d’Amérique (Lyczak et al., 2002; Palomaki et al., 
2004; Rubin, 2014). La première observation clinique répertoriée de la fibrose kystique 
fût faite par Andersen en 1938 à la suite de constatations d’obstructions des conduits 
et de la lumière des intestins et des poumons chez de jeunes patients FK (Quinton, 
1999). Par la suite, d’autres symptômes ont été associés à la FK chez tels que : une 
déficience du système digestif causée par la difficulté d’assimiler des nutriments, 
traduite par une incapacité à obtenir un gain de poids, à la présence d’une forte teneur 
en gras dans les fèces, une sueur salée et ultimement à une déficience pulmonaire 
(Lyczak et al., 2002; Quinton, 1999). De nos jours, grâce à notre compréhension de 
cette maladie, l’espérance de vie des patients a augmenté considérablement depuis 
1938 à aujourd’hui (figure 1) (Davis, 2006). 
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Figure 1 : Représentation de l’âge médian de survie des patients FK depuis 1938 
(Davis, 2006). 
L’augmentation de l’âge de survie se fait également sentir au Canada. Des données 
fournies par Cystic Fibrosis Canada font état d’une augmentation d’environ 28% du 
nombre de patients qui atteignent l’âge de la majorité entre 1986 et 2012 (Cystic 
Fibrosis Canada, 2014). Ces données nous montrent que nos efforts pour vaincre les 
effets tragiques de la FK ne sont pas en vain, bien qu’il nous reste un long trajet à 
parcourir pour assurer une qualité de vie aux patients FK. 
 
I.II L’implication de la protéine Cystic Fibrosis Transmembrane Conductance Regulator 
(CFTR). 
 
Âge  médian de survie 
Calendrier (année) 
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La FK est due à une mutation du gène CFTR qui conduit dans la majorité des cas à 
une malformation de la protéine CFTR (Lynch et Bruce, 2013). Plus de 1900 mutations 
peuvent être associées à ce gène, mais la plus fréquente consiste en une délétion de 
la phénylalanine à la position 508 (ΔF508) (Linsdell, 2014; Lynch et Bruce, 2013; 
Zielenski et Tsui, 1995). La protéine CFTR fait partie de la famille des Transporteur 
ABC; elle se retrouve à la surface apicale des cellules de l’épithélium et elle est 
impliquée dans la sécrétion d’ion Cl- intracellulaire à la lumière de l’organe (Zielenski et 
Tsui, 1995). De plus, elle participe à la régulation d’autres protéines impliquées dans 
le transport d’ions Na+, K+et HCO3- (Gibson et al., 2003; Lyczak et al., 2002). 
L’altération de cette protéine mène à un désordre de la migration des ions de part et 
d’autre de l’épithélium causant ainsi une augmentation de la viscosité des sécrétions 
(Gibson et al., 2003). Les symptômes associés à ce désordre sont : des défaillances 
pancréatiques, intestinales, du système reproducteur mâle, de la fonction biliaire, 
sécrétion des glandes sudoripares et des fonctions pulmonaires. Les fonctions 
pulmonaires seront donc affectées, car la viscosité élevée du mucus et la réduction du 
mouvement ciliaire empêchent l’expulsion des microorganismes pathogènes des voies 
respiratoires (Figure 2) (Gibson et al., 2003) . 
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Figure 2. Illustration de la différence entre un poumon sain et un poumon FK. Le 
poumon normal produit un mucus fluide qui entraîne les agents pathogènes avec lui, 
les empêchant ainsi d’adhérer à l’épithélium. Le poumon FK produit quant à lui un 
mucus visqueux et peu mobile qui permet aux bactéries de se lier à la surface de 
l’épithélium (Lyczak et al., 2002). 
Cet état induit un engrenage vicieux (Figure 3) où la colonisation de l’épithélium par les 
bactéries conduit à une inflammation et une détérioration des tissus, ce qui engendre 
une obstruction des voies respiratoires. Ce phénomène se répète donc et permet une 
colonisation perpétuelle des poumons par les pathogènes conduisant à une défaillance 
pulmonaire irréversible. Ainsi, plusieurs axes d’interventions sont disponibles pour 
soulager les maux des patients FK; le dégagement des voies respiratoires, la 
diminution de l’inflammation et le contrôle des infections bactériennes. Le contrôle des 
infections bactériennes a montré des signes encourageants quant au prolongement de 
la vie des patients FK. Cette voie d’étude est aujourd’hui un tournant dans l’intervention 
des thérapeutes afin d’augmenter la longévité des patients FK. Ainsi, ce document se 
consacrera au problème bactérien chez les patients FK et la section suivante traitera 
des principales bactéries pathogènes et de leurs interactions. 
  
Mucus 
Fluide 
  
Mucus 
Visceux 
  
Voie aérienne 
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Voie aérienne 
FK 
Sécrétion 
de mucus 
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Figure 3. Schématisation de la problématique chez les patients FK.  
 
I.III La problématique des infections bactériennes et ses conséquences 
 
La présence de bactéries pathogènes est incontournable chez les patients FK. Le 
microbiome (Madan et al., 2012) des poumons des patients atteints de FK se 
développe avec les années et lors de cette évolution, il est habituel d’isoler différents 
agents pathogènes à partir d’un même échantillon (Cox et al., 2010; Fugere et al., 
2014; Madan et al., 2012). Parmi les bactéries recensées, S. aureus et P. aeruginosa 
sont les plus fréquemment isolés et connus pour être parfois co-isolés d’un même 
échantillon (Cystic Fibrosis Canada, 2010; Harrison, 2007; Hoffman et al., 2006; 
Mitchell et al., 2010). 
Infections 
bactériennes 
 
Destructions de 
l’épithélium 
pulmonaire 
 Inflammation 
tissulaire et 
obstruction de 
voies aériennes 
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Figure 4. Représentation de la prévalence des isolats bactériens chez les patients 
FK  de tous âges (Cystic Fibrosis Canada, 2010).  
Individuellement, ces bactéries sont connues pour affecter l’état physiologique des 
patients via leur arsenal de facteurs de virulences qui leur permet de coloniser et de 
persister chez l’hôte (Ben Haj Khalifa et al., 2011; Dasenbrook et al., 2008; Dasenbrook 
et al., 2010; Hubert et al., 2013; Woods et al., 1980). L’état physiologique du poumon 
FK rend l’éradication de ces pathogènes difficile causant ainsi un phénomène 
d’inflammation via l’action des cellules du système immunitaire (Cohen-Cymberknoh 
et al., 2013; Hartl et al., 2012). Cette situation affecte irrémédiablement les fonctions 
pulmonaires et une accumulation des lésions de l’épithélium pulmonaire conduit 
inévitablement à la mort du patient. De nos jours, la transplantation pulmonaire est 
l’action médicale qui permet d’extirper les patients d’une mort certaine, mais elle reste 
peu fréquente. Par conséquent, notre compréhension de la pathogenèse et de notre 
capacité à éliminer les pathogènes doit être notre objectif ultime. Ainsi, la prochaine 
section est consacrée aux interactions en P. aeruginosa et S. aureus et leur interaction 
avec l’hôte. 
Prevalence (%) 
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I.IV. P. aeruginosa et S. aureus : la pathogenèse et leurs interactions. 
 
a) La pathogenèse de P. aeruginosa. 
 
P. aeruginosa est une bactérie à Gram négative, anaérobie facultative, ayant la 
capacité de s’adapter à une multitude d’environnement et connue pour être un 
pathogène opportuniste (Cornelis et Dingemans, 2013). Considérée comme un 
pathogène de faible incidence chez les personnes saines, elle est pourtant un fléau 
pour les patients atteints de FK, car sa présence engendre des infections chroniques 
et extrêmement difficiles à traiter (Emerson et al., 2002; Govan et Deretic, 1996; 
Saiman, 2011). 
P. aeruginosa a la capacité à adhérer aux cellules de l’épithélium pulmonaire via 
différentes adhésines notamment via des flagellines, des pilis reconnaissants des 
glycolipides (ex : asilo GM1 et asilo GM2) et des lectines (LecA et Lec B) impliquées 
dans la liaison aux résidus de galactose et de fructose retrouvés à la face apicale des 
cellules (Mitchell et al., 2002; Nilsson et al., 2007; Scharfman et al., 1996).Outre sa 
capacité d’adhésion aux cellules de l’hôte, P. aeruginosa a la capacité de détruire 
l’épithélium afin d’envahir les tissus profonds via l’excrétion de différentes protéases. 
On compte parmi son arsenal les élastases LasA et LasB, une protéase alcaline ainsi 
que l’exprotéine A (Jaffar-Bandjee et al., 1995). Les élastases ont pour rôle de 
dégrader les protéines de l’hôte (SP-A et SP-D) qui agissent comme des surfactants 
et opsonines favorisant ainsi la phagocytose (Alcorn et Wright, 2004; Kuang et al., 
2011; Mariencheck et al., 2003). La présence de la protéase alcaline semble inhiber la 
sécrétion de TNF-α, des cellules pulmonaires A595, un régulateur transcriptionnel 
essentiel dans la réponse immunitaire (Krunkosky et al., 2005; Staugas et al., 1992). 
P. aeruginosa produit également l’exotoxine A, qui détruit les cellules épithéliales en 
inhibant la synthèse protéique (Mohammed et al., 2012). On compte également la 
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présence de rhamnolipides parmi les facteurs de virulence de P. aeruginosa. Cette 
molécule est connue pour agir comme un surfactant dû a son implication dans la 
mobilité de P. aeruginosa, mais également comme agent induisant la lyse des 
macrophages (Alhede et al., 2014; Manos et al., 2013; Pacheco et al., 2012). Cette 
bactérie peut également produire des inhibiteurs de la chaîne de transport tel que la 
pyocianine, le cyanure d’hydrogène ainsi que le HQNO (Caldwell et al., 2009; Muller, 
2006; Rada et al., 2008). La pyocianine est un agent oxydoréducteur, connu pour 
induire un stress oxydatif par la formation de radicaux libres en plus de causer une 
hypersécrétion de mucus par les poumons de souris (Hao et al., 2012; Ran et al., 
2003). De plus P. aeruginosa est reconnu pour sa formation de biofilm lors des 
infections microbiennes, l’implication de cette structure reste primordiale dans la 
l’établissement d’infections chroniques (Ceri et al., 2001; Olson et al., 2002; Toté et al., 
2009; van Gennip et al., 2012). 
 
b) La régulation de l’expression des gènes de virulences associés au quorum sensing 
(QS). 
 
L’établissement d’une infection bactérienne causée par P. aeruginosa dépend de 
l’activation du QS. L’activation de ce système dépend de la densité de la population 
bactérienne et des facteurs environnementaux (Dekimpe et Déziel, 2009). Le QS de 
P. aeruginosa est régulé via l’intermédiaire des boucles de contrôles impliquant les N-
acylhomoserine lactone (AHL) las et rhl et d’autre part par les molécules associées au 
système des 2-alkyl-4-quinolone (AQ) (Figure 5) (Dubern et Diggle, 2008). Le système 
las est associé à la synthétase LasI qui produit le N-(3-oxo-dodecanoyl)-L homoserine 
lactone et rhl est associé à rhlI qui est impliquée dans la production du N*(butanoyl)-L-
homoserine (Dubern et Diggle, 2008; Mitchell et Malouin, 2012). Ces deux molécules 
sont associées respectivement aux régulateurs transcriptionnels LasR et rhlR. Ces 
régulateurs transcriptionnels sont responsables de l’expression d’une multitude de 
 18 
 
facteurs de virulences (les protéases, l’exotoxine A, la pyocianine, les lectines, et la 
formation de biofilm) en plus d’être impliqué dans la régulation du système AQ (Dubern 
et Diggle, 2008; Gallagher et al., 2002; Mitchell  et Malouin, 2012). L’activation de 
système AQ dépend directement des opérons phnAB et pqsABCDE, qui permettent de 
synthétiser les molécules : 2-heptyl-3-hydroxy-4-quinolone (PQS) et 2-heptyl-4-
quinolone (HHQ) (Dubern et Diggle, 2008). Les molécules dérivées des AQ sont 
associés d’une part à la communication intercellulaire, en plus de posséder des 
fonctions antimicrobiennes, un rôle connu de la molécule : 2-heptyl-4-quinolone-N-
oxide (HQNO) (Dubern et Diggle, 2008; Machan et al., 1992; Mitchell et al., 2010).  
 
Figure 5. Résumé du contrôle de la régulation génique du QS de P. aeruginosa et des 
effets des différentes molécules impliquées (Mitchell et Malouin, 2012). 
 
c) La pathogenèse de S. aureus. 
 
S. aureus est un pathogène humain fort bien reconnu comme étant responsable de 
plusieurs désordres physiologiques; infections de la peau, des tissus profonds ainsi 
que des infections des voies respiratoires. Cette bactérie possède de multiples facteurs 
de virulences qui lui permettent de coloniser et détruire les tissus de l’hôte en plus 
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d’avoir la capacité de contrecarrer les actions du système immunitaire. S. aureus 
produit des protéases et lipases lui permettant de détruire la matrice cellulaire, une 
leucocidine, la protéine A, une microcapsule, des enterotoxines et une toxine induisant 
le syndrome du choque toxique lui permettant de contourner les actions du système 
immunitaire (Archer, 1998). Les patients atteints de FK sont colonisés par S. aureus 
dès leur jeune âge et avant l’établissement de traitements antibactériens, les enfants 
souffrants de FK, pouvaient succomber à une infection causée par S. aureus (Kahl, 
2010). Récemment l’implication des MRSA dans la détérioration des fonctions 
pulmonaires des patients FK, a été mise en évidence par des métas-analyses 
effectuées à partir d’une banque de données provenant de l’organisme CCF 
(Dasenbrook et al., 2008; Dasenbrook et al., 2010).  
Le contrôle de ces facteurs de virulences de S. aureus est également régulé par 
différents effecteurs associés au système de QS, AGR, qui est activé lorsque la densité 
cellulaire atteint un seuil minimal (Novick, 2003). AGR est activé lorsque la bactérie est 
en phase de dissémination et inversement, l’inhibition du QS est associée à un état de 
colonisation et de persistance (Boles et Horswill, 2008; Otto, 2013). L’état de 
persistance de S. aureus est associée à la formation de biofilm et également à la 
présence de variant à petite colonie (SCV) (Singh et al., 2009; Stewart, 2002). Les SCV 
sont issus de la forme prototype et le changement phénotypique découlent de 
changements environnementaux (e.g. la présence d’AMI et certains inhibiteurs de la 
chaîne de transport d’électron) ou de mutation affectant la synthèse des composantes 
de la chaîne de transport d’électron (Hoffman et al., 2006; Mitchell et al., 2010; Mitchell 
et al., 2010; Samuelsen et al., 2005). Ce type de changement phénotypique est induit 
par une diminution de la production d’ATP (Proctor et al., 1998; Proctor et al., 2006). 
L’émergence des SCV est un phénomène bien connu dans le cadre d’infection à S. 
aureus chez les patients FK (Besier et al., 2007; Kahl et al., 1998; Yagci et al., 2013). 
Une des causes expliquant cette émergence pourrait venir de l’interaction entre S. 
aureus et P. eruginosa (Besier et al., 2007; Biswas et al., 2009). Afin de comprendre 
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cette réalité, la section suivante traitera de l’influence de P. aeruginosa sur la viabilité 
de S. aureus. 
 
d) L’influence de P. aeruginosa sur S. aureus. 
 
Depuis quelques années, l’étude des influences bactériennes entre S. aureus et 
P. aeruginosa a révélé la présence de relations antagonistes affectant la croissance de 
S. aureus. Des études in vitro et in vivo ont démontré que P. aeruginosa affectait la 
viabilité de S. aureus en plus de stimuler la formation de SCV lorsqu’ils sont co-cultivés 
(Biswas et al., 2009; Pastar et al., 2013). Par exemple, une étude effectuée par Biswas 
et al. a démontré que la co-culture de S. aureus et de P. aeruginosa entraine une 
diminution de la population de S. aureus après 12 h d’incubation tandis que la viabilité 
de P. aeruginosa n’est pas affectée (Biswas et al., 2009). Cette diminution de la 
population de S aureus pourrait être en partie due à la production de l’endopeptidase 
LasA. Cette protéine agit spécifiquement sur les liens Gly-Gly et ceux-ci sont cruciaux 
dans la formation et le maintient de l’intégrité du peptidoglycane (Barequet et al., 2009; 
Kessler et al., 1993; Spencer et al., 2010). D’autre part, P. aeruginosa produit différents 
inhibiteurs de la chaîne de transport d’élection tel que : le HQNO et la pyocianine 
responsable de la formation de SCV (Biswas et al., 2009; Hoffman et al., 2006; Mitchell 
et al., 2010; Voggu et al., 2006). Les SCV se distinguent des prototypes par leur retard 
de croissance par une diminution de l’activité hémolytique, une augmentation de la 
formation protéine-dépendant,  une diminution de la susceptibilité aux composés 
antibactériens cationiques et  une augmentation de la capacité d’infecter les cellules 
de l’hôte (Mitchell et Malouin, 2012; Mitchell et al., 2010; Mitchell et al., 2011b; Proctor 
et al., 2006; Samuelsen et al., 2005; Tuchscherr et al., 2011). Ainsi, bien que 
P. aeruginosa tend à éliminer S. aureus, il cause également l’émergence d’un 
phénotype de persistance (Hoffman et al., 2006). Les S. aureus SCV, comme 
P. aeruginosa, ont la capacité de produire un biofilm, une structure leur permettant de 
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survivre dans des conditions hostiles. La prochaine section de ce document sera donc 
dédiée à la présentation du biofilm, sa formation et son rôle. 
 
I.V Les bioflims bactériens : la formation et le rôle. 
 
Les biofilms font partie du cycle de colonisation/dissémination des bactéries. Ils 
représentent un problème capital dans le milieu hospitalier puisque ce mode de vie 
confère aux bactéries une protection à leur environnement et donc à nos interventions 
pour les éradiquer (de la Fuente-Nunez et al., 2013). Les biofilms sont des structures 
tridimensionnelles complexes par leur architecture et par les variations de l’activité 
métabolique des bactéries qui les composent (Hall-Stoodley et Stoodley, 2009). La 
formation d’un biofilm survient suite à l’adhésion d’une bactérie (ou d’un amas de 
bactéries) planctonique à un ligand et à cette étape, l’adhésion bactérienne est encore 
réversible (figure 6) (Stoodley et al., 2002). Par la suite, les bactéries adhérées se lient 
à d’autres, il y a commencement de la production de la matrice du biofilm et la formation 
des canaux d’irrigation. Cette matrice sera composée de différences substances tel : 
de l’ADN extracellulaire, des exopolysaccharides et des protéines (Flemming et 
Wingender, 2010; Stoodley et al., 2002). Par la suite, le biofilm va continuer sa 
maturation et on assiste à la dissémination de bactéries qui se détachent du biofilm 
pour retourner à un mode de vie planctonique et coloniser un autre environnement 
(Stoodley et al., 2002).  
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Figure 6. Cette figure représente la formation d’un biofilm bactérien. L’étape 1 est 
associée à l’adhésion réversible. L’étape 2 correspond au recrutement de bactérie et 
au début de la synthèse de la matrice du biofilm. Les étapes 3 et 4 sont associées au 
processus de maturation et la finalisation de l’architecture du biofilm. Finalement, 
l’étape 5 correspond au détachement et à un retour à un mode de vie planctonique des 
bactéries (Stoodley et al., 2002). 
Dans un cadre d’infection bactérienne, le biofilm conduit à des infections récurrentes 
et difficiles à traiter. Le biofilm est connu pour conférer une certaine protection aux 
bactéries face au système immunitaire de l’hôte. Notamment chez P. aeruginosa où il 
a été démontré in vitro que le biofilm protège la bactérie contre la phagocytose des 
neutrophiles et confère une résistance au stress oxydatif (Jesaitis et al., 2003). Le 
biofilm affecte également l’efficacité de l’action des anticorps IgG et celle du 
complément en diminuant l’adhésion de ceux-ci aux bactéries (Kristian et al., 2008). 
Outre la résistance au système immunitaire, le biofilm confère également une 
résistance à l’antibiothérapie. Ce phénomène semble être dû à la présence de 
bactéries ayant une faible activité métabolique (Stewart et Franklin, 2008). Les 
antibiotiques utilisés pour contrer les infections bactériennes sont efficaces dans la 
mesure où les bactéries ont un métabolisme actif, car ceux-ci agissent contre : la 
 23 
 
synthèse des brins d’ADN, la synthèse protéique, la synthèse du peptidoglycane 
(Lewis, 2005; Lewis, 2008). D’autre part, les bactéries, tel que P. aeruginosa, ont la 
capacité d’exprimer des pompes qui sont responsables de l’excrétion des antibiotiques 
du cytoplasme (Soto, 2013). La problématique de la difficulté d’éradiquer les bactéries 
en biofilm par rapport aux cultures planctoniques a été démontrée dans plusieurs 
études. En effet, il a notamment été démontré que la concentration minimale pour 
inhiber P. aeruginosa nécessite parfois une concentration supérieure à 1000 fois la 
concentration requise pour inhiber P. aeruginosa en culture planctonique (Moskowitz 
et al., 2004). Cette même observation a également été effectuée dans le cas de S. 
aureus où l’utilisation de peptides cationiques semble moins efficace contre les MRSA 
en biofilm et également contre une multitude d’antibiotiques dérivés d’autres classes 
contre les MSSA (Girard et al., 2010; Mataraci et Dosler, 2012; Singh et al., 2009; Singh 
et al., 2010). 
L’étude des biofilms est un domaine relativement récent de la microbiologie. La 
première étude parue selon le moteur de recherche; Pubmed, a été effectué en 1972 
concernant la formation d’un biofilm sur un filtre servant à filtrer les rebut d’eau (Mack 
et al., 1975). Il faut attendre jusqu’en 1982 afin d’obtenir la première étude démontrant 
l’implication des biofilms dans les infections récurrentes à S. aureus (Marrie et al., 
1982). De nos jours, le modèle in vitro de biofilms statiques permet d’étudier la 
formation du biofilm soumis à différents facteurs environnementaux ou permet le 
dépistage de composés antibactériens (une méthode basée sur la détermination de la 
CMI) (Ceri et al., 2001; Coenye et Nelis, 2010; Harrison et al., 2010; Olson et al., 2002). 
Malgré les problèmes d’infections récurrentes, l’utilisation des antibiotiques demeure 
la méthode de prédilection pour le contrôle des infections bactériennes. La prochaine 
section sera donc dédiée aux antibiotiques utilisés pour contrôler les infections 
persistantes chez les patients FK. 
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I.VI. Le traitement d’infections bactériennes par les antibiotiques chez les patients FK. 
 
Dès que P. aeruginosa est détecté chez un patient FK, l’antibiothérapie est 
immédiatement administrée. Dans ce cas, un cocktail d’antibiotique peut-être 
administré par nébulisation ou par voie veineuse (ou les deux à la fois) (Ciofu et al., 
2013; Flume et al., 2007). Dans ce contexte, les patients recevront de la TOB; un 
aminoglycoside (AMI), lequel inhibe la synthèse protéique se liant au site-A du 
ribosome bactérien. L’utilisation de la colistine peut également être prescrite pour 
contrer P. aeruginosa. La colistine fait partie des antibiotiques polypeptides et elle est 
un agent bactéricide qui affecte l’intégrité de la membrane externe des bactéries Gram-
négatives (Vaara, 2010). Finalement, l’azitrhomycin peut également être administrée. 
Ce composé fait partie de la famille des macrolides. L’azithromycin agit via sa liaison à 
l’unité 50 S ribosome bactérien et à l’inhibition de la synthèse protéique (Biava et al., 
2006). De plus, cet antibiotique démontre certaines vertus d’un composé anti-
inflammatoire, car les macrolides réduisent la migration des neutrophiles, réduit le 
stress oxydatif ainsi que la production de cytokine pro-inflammatoire (Pressler, 2011). 
Par contre, il y a actuellement un flou dans la stratégie à adopter envers S. aureus. Les 
différents organismes ne s’entendent pas sur la nécessité d’un traitement préventif 
contre S. aureus, mais tous semble d’accord sur l’obligation d’administrer des 
antibiotiques s’il y a présence de cette bactérie. Un traitement contre S. aureus a 
semblé mitigé pendant plusieurs années puisque les études sur des cohortes de 
patients n’avaient pas démontré une diminution significative de la détérioration des 
capacités pulmonaires des patients et semblait également démontrer une tendance 
aux développements d’infection à P. aeruginosa (Goss et Muhlebach, 2011; Ratjen et 
al., 2001; Stutman et al., 2002). Encore aujourd’hui, les recommandations américaines 
quant à la gestion de S. aureus ne suggèrent pas l’utilisation d’antibiotiques en 
prophylaxie, contrairement aux recommandations des organismes de l’Angleterre et de 
l’Australie (Flume et al., 2007; Goss et Muhlebach, 2011; Mogayzel Jr. et al., 2013). 
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Mais tous s’accordent sur l’importance de traiter les patients qui sont infectés par des 
MRSA. Cette intervention est appuyée par les recherches de Dassenbrook et al., qui 
ont récemment démontré l’implication de MRSA dans la détérioration des fonctions 
pulmonaires des patients FK (Dasenbrook et al., 2008; Dasenbrook et al., 2010). La 
détection des MRSA est un phénomène qui est maintenant bien connu dans le cas des 
infections bactériennes retrouvées par les organismes FK américains, car ceux-ci 
rapportent une augmentation 23.6% entre 1996 et 2010 des isolements de MRSA 
(Jennings MT, Riekert KA, Boyle MP, 2014).  
L’émergence des bactéries multirésistantes provient du laxisme humain quant à la 
prescription et à une administration erronée des antibiotiques et par la capacité des 
microorganismes à s’adapter à leur environnement soit par l’apparition de mutations 
spontanées ou par l’acquisition de gènes de résistance (Alekshun et Levy, 2007; 
Davies et Davies, 2010). Il faut également tenir compte de notre incapacité à effectuer 
des avancées dans la découverte et la commercialisation de nouvelles molécules 
antimicrobiennes afin de contrer le phénomène de l’émergence microorganismes 
multirésistants aux antibiotiques. Pour combler l’écart qui se creuse entre les bactéries 
résistantes aux antibiotiques et notre capacité à synthétiser de nouveaux composés 
antimicrobiens, une investigation approfondie des composés secondaires dérivés des 
plantes, pourrait représenter une alternative riche en découvertes. Ainsi, la section 
suivante traitera de la tomatidine; une nouvelle molécule antibactérienne qui 
représente une avenue prometteuse pour la commercialisation d’un nouvel 
antibiotique. 
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I.VII. La tomatidine et les possibilités d’un nouveau composé thérapeutique. 
 
À ce jour, 25 % des composés pharmaceutiques sont dérivés des plantes supérieures, 
une classe composée de 350 000 espèces où chacune peut produire entre 500 et 800 
métabolites secondaires. Seulement 5 à 10% de ces espèces ont fait l’objet d’une 
investigation du potentiel antimicrobien de leurs métabolites (Abreu et al., 2012). 
Depuis plusieurs décennies, les plantes du genre solanum ont fait l’objet d’études 
pharmacologiques en raison de la forte consommation des tubercules ou des fruits et 
à quant la toxicité de certains composés (Friedman et al., 2003). Notamment, les 
composés de la classe des glycoalcaloïdes et leurs dérivés (aglycones) furent 
investigués quant à leurs potentiels antimicrobiens, antitumoraux et pour leurs effets 
physiologiques.  
Les glycoalkaloïdes sont des métabolites secondaires reconnus pour jouer un rôle 
dans la défense des plantes contre les pathogènes tels que les champignons et les 
insectes (Fewell et Roddick, 1993; Fewell et Roddick, 1997; Friedman, 2002; Nenaah, 
2011; Paquin, 1966; Sandrock et VanEtten, 1998). Ces derniers sont retrouvés chez la 
tomate, l’aubergine et la pomme de terre. Ces composés chimiques ont une structure 
amphiphile (Figure 7), la partie hydrophobe (aglycone) est composée de 27 carbones 
répartis en six cycles (A à F) et où un atome N est retrouvé dans le cycle F (Milner et 
al., 2011). La partie hydrophile de ces composés est composés de divers groupements 
de sucres qui sont reliés à l’aglycone au cycle A via le groupement hydroxyle (tomatine) 
ou lycotetraose (tomatidine) du carbone 3 (Choi et al., 2012; Lee et al., 2004).  
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Figure 7 Représentation de la structure de l’α-tomatine où R = H et de la tomatidine où R = 
lycitetraise. 
Notre laboratoire a été le premier à révéler l’effet antibactérien de la TO contre S. 
aureus. Lors d’une étude, nous avons démontré l’effet antivirulent de la TO, en plus de 
démontrer l’effet potentialisateur et bactéricide de la combinaison TO et GEN contre 
S. aureus prototype (Mitchell et al., 2012). Notre laboratoire a également démontré 
l’action de la TO comme inhibiteur de la synthèse protéique et inhibiteur de la 
réplication intracellulaire contre S. aureus SCV (Mitchell et al., 2011a). Cependant, lors 
de ces études aucune observation n’a pu révéler un effet inhibiteur de la l’α-tomatine 
(TN) sur les souches de S. aureus prototypes ou SCV. 
L’effet de la TO et la TN a également été investigué à l’aide du modèle d’étude 
Saccharomyces cerevisiae, ce dernier est couramment utilisé pour évaluer les effets 
de composés sur les cellules eucaryotes. Lors d’une étude publiée par Simons et al. 
les auteurs ont démontré que la TO a un effet inhibiteur 10 à 100 fois plus élevé que la 
TN (Simons et al., 2006). On suppose que la TN remodèle la membrane plasmique en 
se liant aux stérols de celle-ci pour former des pores (Alekshun et Levy, 2007; Falconer 
et al., 2011). Hors, bien que la TO soit plus toxique que la TN contre S. cerevisiae, 
aucune perte d’électrolytes (et donc formation de pore) n’a été associée à la TO 
(Simons et al., 2006). La TO semble plutôt agir au niveau de la mécanistique cellulaire, 
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car sa présence inhibe la voie de synthèse de l’ergostérol chez S. cerevisieae (Simons 
et al., 2006). 
L’impact de la TO en présence des cellules humaines cancéreuses a également été 
investigué par différents groupes de recherche. En 1991, Lavies et al. ont démontré 
que la TO pouvait agir comme un inhibiteur potentiel de pompes à efflux inhibant ainsi 
la résistance des cellules cancéreuse à la chimiothérapie (Lavie et al., 2001). Lors de 
cette étude, des cellules cancéreuses (NCl-AdrR) multirésistantes possédantes la 
glycoprotéine-P, une protéine connue pour être responsable du transfert extracellulaire 
de plusieurs agents thérapeutiques (Fardel et al., 1996; Nayler et Dillon, 1986; Plumb 
et al., 1990). De plus, le groupe de recherche a démontré que la TO pouvait être utilisée 
avec la vinblastine (un agent antimiotique), ce qui permet de réduire le dosage de 200 
µM à 5 µM de vinblastine permettant l’obtention de 50% de mortalité (Lavie et al., 
2001). Lee et al. se sont également intéressés à l’effet de la TO contre les cellules 
cancéreuses du colon (HT29) et du foie (HepG2). Lors de cette étude, la TN a été 
comparée à ses différents hydrolysats, suite à des hydrolyses séquentielles du 
groupement lycotetraose (Lee et al., 2004). Les résultats ont démontré que la TN 
pouvait inhiber la croissance cellulaire de HT29 et HepG2 de 38.0% et 46.3% 
respectivement. Cependant, cette faculté diminue grandement lorsque le nombre de 
résidus de sucre du groupement lycotetraose diminue et où une concentration de 
100 µg/ml des hydrolysats est nécessaire pour obtenir un effet similaire à la TN. 
Toutefois, même à cette concentration, la TO ne présente qu’un faible effet d’inhibiteur 
de croissance. En 2008, Chui et Lin ont investigué le mécanisme d’action de la TO en 
tant qu’agent anti-inflammatoire puisque celle-ci possède une structure semblable aux 
glucocorticoïdes (Norton, 1998). Pour cette étude, des macrophages de souris ont été 
mis en présence de lipopolysaccharides bactériens (LPS). La présence de LPS induit, 
chez les monocytes humains, la réponse inflammatoire via l’activation des facteurs de 
transcription impliqués dans la production de plusieurs cytokines, des prostaglandines 
et la production d’oxyde nitreux (Aldridge et al., 2008; Chiu et Lin, 2008). Lors de cette 
étude, le traitement des macrophages avec la TO a démontré une réduction de la 
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production d’oxyde nitreux de 66% par rapport aux cellules contrôles (Chiu et Lin, 
2008). Dans cet article, les auteurs ont également démontré que la TO inhibait la 
transcription des gènes reliés à l’inflammation via l’inhibition de la phosphorylation des 
facteurs de transcriptions; NF-Kβ, c-jun et JNK. L’ensemble de ces découvertes fait de 
la TO une molécule intéressante pour ses différentes valeurs thérapeutiques. C’est 
dans cette optique que mon projet s’inscrit, puisque j’ai tenté d’approfondir nos 
connaissances concernant les attributs antibactériens de la TO.  
 
I.VIII. Description du projet de recherche. 
 
Comme mentionné ci-dessus, les infections bactériennes récurrentes sont un fléau 
pour les patients atteints de FK. La présence, de ces pathogènes, conduit à la 
détérioration des tissus pulmonaires et à l’activation des processus d’inflammation de 
ceux-ci. L’ensemble de ces phénomènes amène donc une détérioration des capacités 
pulmonaires qui sera inévitablement fatale. Pour contrer la situation, l’administration 
des antibiotiques permet de contrôler la présence des pathogènes bactériens, mais 
sans l’éradiquer complètement. Ces derniers peuvent s’adapter aux pressions de 
l’environnement du poumon FK (présence des antibiotiques ou des cellules du système 
immunitaire), via la formation de biofilms ou par l’expression de facteurs de résistances 
aux antibiotiques. Ainsi pour poursuivre notre lutte contre les microorganismes 
pathogènes, nous devons identifier de nouveaux composés antibactériens. Mon projet 
se situe dans ce cadre où j’ai poursuivi l’identification du pouvoir antibactérien de la TO 
et de son analogue FC04-100 contre S. aureus. J’ai effectué cette investigation en 
considérant le contexte FK, procédant avec des essais en co-culture avec P. 
aeruginosa (projet TO), en biofilm (projet FC04-100) et en situation d’infection cellulaire 
(projet FC04-100).  
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CHAPITRE II 
 
II.I. Avant propos. 
 
Le but de ce projet était d’évaluer le potentiel d’action d’une combinaison AMI et TO 
contre une population mixte de S. aureus et P. aeruginosa in vitro. Au cours de ce 
projet, nous avons remarqué que TO avait un effet bactéricide contre S. aureus en 
présence de P. aeruginosa, mais sans qu’il n’y ait présence d’AMI. Afin de comprendre 
cette situation, nous avons supposé que les exoproduits de P. aeruginosa peuvent agir 
en synergie avec la TO et nous avons déterminé lesquels sont impliqués dans cette 
synergie. 
 
II.II. Contributions. 
 
Simon Boulanger (1er auteur) : Est la personne responsable de la conception et de 
la planification expérimentale. Est la personne qui a fait les manipulations 
expérimentales, qui a généré les résultats et procédés à leur analyse. 
Gabriel Mitchell (2ème auteur) : A participé à la planification expérimentale et l’analyse 
des résultats. 
Kamal Bouarab (3ème auteur), Éric Marsault (4ème auteur), 
André Cantin (5ème auteur) et Eric Frost (6ème auteur): ont participé à la planification 
expérimentale. 
François Malouin (dernier auteur) : Principal investigateur du projet, chercheur 
responsable et écriture du manuscrit. 
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SYNOPSIS 
Objectives: This study investigated the antibacterial activity of the plant alkaloid 
tomatidine (TO) against Staphylococcus aureus grown in presence of Pseudomonas 
aeruginosa with or without additional agents such as tobramycin. Method: We 
performed time-kill kinetics of TO (8 mg/L) against S. aureus in co-culture with P. 
aeruginosa. CFU were evaluated on mannitol-salt agar and on cetrimide agar for S. 
aureus and P. aeruginosa, respectively.  Kill kinetics were also carried out using P. 
aeruginosa mutants deficient in the production of different exoproducts and quorum-
sensing related compounds. Results: After 24h in co-culture, TO increased the killing 
of S. aureus by 3.4 log10 CFU/mL in comparison to that observed in a co-culture 
without TO.  The effect of TO was abolished when S. aureus was in co-culture with the 
lasR/rhlR, pqsA, pqsL or lasA mutants. The bactericidal effect of TO against S. aureus 
in co-culture with pqsL was restored by supplemental 4-hydroxy-2-heptylquinoline-N-
oxide (HQNO). In a S. aureus mono-culture, the combination of HQNO and TO was 
bacteriostatic, indicating that the mutant pqsL produced an additional factor (e.g., LasA) 
required for the synergistic bactericidal effect. The bactericidal activity of TO was also 
observed against a tobramycin-resistant methicillin-resistant S. aureus (MRSA) in co-
culture with PA14 and addition of tobramycin significantly suppressed the growth of 
both MRSA and PA14. Conclusion: TO shows a strong bactericidal effect against S. 
aureus when co-cultured with P. aeruginosa. The combination of TO and tobramycin 
may represent a new treatment approach for cystic fibrosis patients frequently co-
colonized by both MRSA and P. aeruginosa. 
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Introduction 
Cystic fibrosis (CF) is a common life-shortening autosomal recessive disorder with an 
incidence of one Caucasian newborn affected per 3 600. The disease is linked to a 
mutation of the CF transmembrane conductance regulator (CFTR) gene that leads to 
intestinal and pulmonary disorders 1, 2. Although CFTR functions mainly by transporting 
Cl-, bacterial pulmonary infections are the primary causes of mortality in CF patients 3. 
The two most prevalent bacterial species recovered from the lungs of CF patients are 
S. aureus and P. aeruginosa4. The presence of S. aureus in young patients has always 
been predominant and, as the life expectancy of patients gradually increases over the 
years, S. aureus is now the most frequent pathogen in CF (all age groups together) 4. 
These two pathogens can individually cause difficult-to-treat infections due to their 
ability to produce biofilms and a plethora of toxins impacting on the integrity of host 
tissues and impairing the immune system response 5-11. These pathogens are also well-
known for their high prevalence of antibiotic resistances 12, 13 . Notably, the prevalence 
of methicillin-resistant S. aureus (MRSA) in CF has steadily increased over the recent 
years4, and Dasenbrook et al. have demonstrated a decline of health conditions in 
patients carrying MRSA compared to those infected by methicillin-sensitive S. aureus14, 
15. 
The lungs of CF patients are known to be colonised by numerous bacterial species 
likely to interact 16, 17. Studies have reported an antagonist interaction of P. aeruginosa 
on S. aureus due to the production of electron transport chain inhibitors such as 4-
hydroxy-2-heptylquinoline-N-oxide (HQNO) and pyocyanin, and also to the production 
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of the staphylolytic LasA protease that can act as an endopeptidase acting on S. aureus 
peptidoglycan18-20. On the other hand, the presence of P. aeruginosa electron transport 
chain inhibitors may select for S. aureus small-colony variant (SCVs) 19-21. S. aureus 
SCVs are respiratory deficient bacteria and, consequently, have a slower growth rate 
and are less susceptible to aminoglycoside antibiotics, which need the proton motive 
force for efficient penetration into bacterial cells. In addition, the action of P. aeruginosa 
HQNO stimulates biofilm production by prototypical S. aureus strains 22, which may 
promote persistence of the infection and may impact bacterial susceptibility to drugs 
23,24,25. Furthermore, co-colonization of P. aeruginosa and S. aureus is frequent and their 
combined presence in adult CF patients can often be underestimated 22.  
Recently our laboratory reported the particular antibacterial activity of the steroidal 
alkaloid tomatidine (TO) against S. aureus26, 27. TO has a strong inhibitory activity 
against S. aureus SCVs (MIC of 0.06 mg/L) but not against prototypical strains (MIC > 
64 mg/L). Since SCVs are respiratory-deficient strains, we hypothesized that TO could 
strongly inhibit prototypical S. aureus co-cultured with bacterial species producing 
electron transport inhibitors. This study characterized the antibacterial effect of TO on 
prototypical S. aureus in co-culture with P. aeruginosa strains producing the electron 
transport inhibitor HQNO and also other exoproducts that could antagonize S. aureus. 
In addition, since tobramycin (TOB) is regularly used for prophylaxis against P. 
aeruginosa infections in CF patients, we also examined the effects of the TO and TOB 
combination on both pathogens in co-cultures. 
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Materials and methods 
Bacterial strains and growth conditions 
The antibiotic susceptibility test strain S. aureus ATCC 29213 and the methicillin-
resistant S. aureus (MRSA) strain CF27A-L, both are prototype strains, were used in 
this study. MRSA CF27A-L is a clinical isolate from an adult CF patient and is resistant 
to oxacillin, tobramycin (TOB), ciprofloxacin and erythromycin with minimal inhibitory 
concentrations (MIC) of >128, >32, >64, >64 mg/L, respectively. These S. aureus 
strains were cultivated alone or in co-culture with P. aeruginosa. P. aeruginosa PA14 
was the prototypical reference strain used in the present study28. The relevant 
properties of the P. aeruginosa PA14-derived mutants pqsA, pqsL, rhlA, lasA, hcnA, 
phzC, phzM and lasR/rhlR are listed in Table 1.  Bacteria were grown in cation-adjusted 
Mueller-Hinton broth (CAMHB) (BD, Mississauga, ON, Canada). 
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Table 1.  P aeruginosa strains used in this study 
Strain Relevant characteristics Altered biosynthesis Reference 
PA14 Clinical isolate UCBPP-PA14, 
RifR 
None Rahme 1995 
lasR/rhlR PA14 lasR/rhlR; GmR, TcR Altered in QS circuitry and 
all AQs production 
Dekimpe 2009 
pqsA PA14 pqsA::TnphoA; RifR, KmR HHQ; PQS*, HQNO* Deziel 2004 
pqsL PA14 pqsL; RifR HQNO Lepine 2004 
rhlA PA14 rhlA::TnMrT7 Rhamnolipids Liberati 2006 
lasA PA14 lasA, GenR Endopeptidase LasA --- 
hcnA PA14 hcnA,GenR Hydrogen cyanide --- 
phzC1C2 PA14 double deletion Phenazines --- 
phzM PA14, GenR Pyocyanin --- 
*Altered biosynthesis of the precursor molecule. 
Chemical reagents and antibiotics 
TOB and TO were purchased from Sigma-Aldrich (Oakville, ON, Ontario). TO was 
solubilised at 2 g/L in DMSO.  HQNO (AXXORA, San Diego, CA, USA), was solubilised 
in DMSO at a concentration of 5 g/L and used at 20 mg/L. 
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Antibiotic susceptibility testing 
Antibiotic MICs were determined by a broth microdilution technique in CAMHB, 
following the recommendations of the Clinical and Laboratory Standards Institute 
(CLSI)29. 
 
Time-kill kinetic experiments 
The bactericidal action of TO on S. aureus strains was investigated in time-kill kinetic 
experiments. S. aureus was grown alone (mono-culture) or in presence of P. 
aeruginosa (co-culture) in order to investigate the combined effect of TO and 
Pseudomonas exoproducts. Individual bacterial strains, inoculated at ~ 105–106 
CFU/mL, were grown in 100 mL of CAMHB. The cultures were incubated for 24 h at 
35°C with shaking (225 RPM). Samples were collected at several points in time, serially 
diluted and plated on mannitol salt agar (MSA; BD) and cetrimide agar plates (Sigma) 
for determination of viable S. aureus and P. aeruginosa counts, respectively. Plates 
were incubated for 24 h at 35°C. In some experiments, the combined effect of TO and 
TOB was determined on both S. aureus and P. aeruginosa. For the co-culture of MRSA 
CF27A-L and P. aeruginosa PA14, 8 mg/L of TO and 0.5 mg/L of TOB were added 
after 0 and 10 h of incubation, respectively. Control cultures without TO were 
supplemented with the equivalent concentration of DMSO. Data were collected from at 
least three independent experiments and averaged.   
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Results 
Tomatidine is bactericidal against S. aureus ATCC 29213 in presence of 
P aeruginosa PA14 
Although TO have not shown any significant antibacterial activity on its own against 
prototypical S. aureus in mono-cultures (Mitchell et al., 2011a)27, we evaluated the 
therapeutic potential of TO in a polymicrobial context by following time-kill kinetics of S. 
aureus ATCC 29213 in co-culture with P. aeruginosa PA14. First, Figure 1A confirms 
that 8 mg/L of TO has no inhibitory activity on a S. aureus ATCC 29213 mono-culture 
(TO showed a MIC of >64 mg/L against this strain).  Besides, a co-culture with P. 
aeruginosa PA14 provoked a 3.6 log10 decrease in S. aureus CFU/mL between the 10 
and 24 h time points. Remarkably, the addition of TO to the co-culture further enhanced 
the antagonist effect of PA14 on ATCC 29213 by an additional 3.4 log10 CFU/mL. 
Overall, a difference of 6.7 log10 S. aureus CFU/mL was observed for the co-culture 
with TO between the 10 and 24 h time points. On the other hand, the viability of P. 
aeruginosa PA14 was not affected by the presence of S. aureus (mono-culture vs. co-
culture) with or without the addition of TO (Figure 1B). 
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Figure 1. 
 
 
Figure 1. Kill kinetics of S. aureus ATCC 29213 and P. aeruginosa PA14 in absence 
or presence of TO.  (A) Viability of S. aureus and (B) P. aeruginosa expressed in log10 
CFU/mL as determined by plating sample dilutions on MSA and cetrimide agar, 
respectively.  The open squares correspond to mono-cultures exposed to the antibiotic 
diluent (DMSO), and the closed squares, exposed to 8 mg/L of TO.  The open circles 
correspond to S. aureus and P. aeruginosa co-cultures exposed to the antibiotic diluent, 
and the closed circles, exposed to 8 mg/L of TO.  The dotted lines represent reference 
points at time 0 h and 10 h. 
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P. aeruginosa PA14 QS-associated components and signaling molecules 
contributes to the bactericidal effect of TO on S. aureus 
In order to determine how P. aeruginosa enhances the bactericidal effect of TO against 
S. aureus, we have performed co-culture experiments using PA14 mutants defective in 
the production of a variety of QS-associated components and signaling molecules 
(Table 1). Figure 2A shows that the P. aeruginosa double mutant lasR/rhlR, which does 
not produce any N-acylhomoserine lactones (AHLs)(Dubern and Diggle, 2008), 
completely loss its ability to produce a bactericidal synergy with TO against S. aureus. 
AHLs are implicated in the regulation of the 2-alkyl-4-(1H)-quinolone (AQ) 
molecules(Dubern and Diggle, 2008) such as the Pseudomonas Quinolone Signal 
(PQS) and 2-heptyl-4-hydroxy quinoline N-oxide (HQNO). Figure 2B shows results with 
the other mutants presenting specific defects in the production of AHLs-regulated 
factors. The bactericidal activity of TO against S. aureus was not influenced by P. 
aeruginosa mutants altered in the production of rhamnolipids (rhlA), hydrogen cyanide 
(hcnA) or the phenazids (phzC1C2 and phzM).  On the other hand, the bactericidal 
effect of TO was strongly attenuated for the P. aeruginosa mutants pqsA, which is 
impaired in the synthesis of 4-hydroxy-2-alkylquinolines (precursors of HQNO) (Déziel 
et al., 2004) and pqsL, a mutant unable to produce HQNO(Lépine et al., 2004). 
Hence, the altered production of HQNO is shared among the mutants lasR/rhlR, pqsA 
and pqsL that are unable to create a synergy with TO (Figure 2B). Interestingly, lasA, 
a mutant strain deficient in the production of the staphylolytic LasA protease(Barequet 
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et al., 2009; Biswas et al., 2009; Mitchell et al., 2010), was also impaired in its ability to 
provide a synergy with TO against S. aureus (Figure 2B). 
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Figure 2. 
 
 
Figure 2.  Kill kinetics of S. aureus ATCC 29213 in co-culture with P. aeruginosa PA14 
or PA14 mutants.  (A) Viability of S. aureus in co-culture with the PA14 lasR/rhlR double 
mutant, expressed in log10 CFU/mL as determined by plating sample dilutions on MSA 
agar. The open circles correspond to the co-culture exposed to the antibiotic diluent, 
and the closed circles, exposed to 8 mg/L of TO.  The dotted line represents the 
inoculum size at 0 h. (B) Residual S. aureus in co-culture with PA14 or a variety of 
PA14 mutants, all in the presence of TO (8 mg/L), expressed in log10 CFU/mL as 
determined by plating sample dilutions on MSA agar. The bars represent the means 
log10 CFU/mL after 24 h of co-culture for at least three independent replicates with 
standard deviation. One-way analysis of variance was performed with Dunnett’s post 
test using the PA14 co-culture as the reference experiment (*, p<0.0001). 
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P. aeruginosa HQNO production contributes to the bactericidal effect of TO on 
S. aureus 
In order to confirm the implication of HQNO in the bactericidal action of TO against 
S. aureus, we chemically complemented a co-culture of S. aureus and the P. 
aeruginosa pqsL mutant with 20 mg/L of HQNO. Figure 3A shows the growth kinetics 
of S. aureus in co-culture with the P. aeruginosa pqsL mutant supplemented or not with 
HQNO and/or TO. There was no difference in the anti-staphylococcal activity of 
P. aeruginosa pqsL against S. aureus whether or not TO was added to the co-culture. 
However, the addition of HQNO to the co-culture improved the killing of S. aureus by 
the pqsL mutant by 1.1 log10 CFU/mL at 24 h.  TO further enhanced the antagonist 
effect of the HQNO-complemented pqsL mutant on S. aureus by an additional 3.3 
log10 CFU/mL after 24 h of incubation (Figure 3A). Overall, a difference of 4.4 log10 
CFU/mL was observed between the S. aureus co-culture with pqsL and the co-culture 
supplemented with both HQNO and TO at 24 h. Besides, we also performed a mono-
culture of S. aureus exposed to 8 mg/L of TO and/or 20 mg/L of HQNO (Figure 3B). As 
seen before, the addition of TO did not affect the viability of S. aureus in mono-culture. 
The presence of HQNO alone led to a reduction of S. aureus counts by 1.7 log10 
CFU/mL compared to the control culture after 24 h. Overall, a difference of 3.5 log10 
CFU/mL was observed between the S. aureus mono-culture with TO and the mono-
culture supplemented with both HQNO and TO at 24 h, showing that HQNO can 
enhance the antibacterial effect of TO (or vice versa) against S. aureus.  However, at 
the concentration used, the combination of HQNO and TO only induced a bacteriostatic 
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effect considering that the CFU counts at 24 h did not differ from the initial inoculum. 
Hence, this indicates that at least one other important factor is contributing to the strong 
bactericidal effect of the HQNO-complemented pqsL mutant in presence of TO (Figure 
3A). This factor could be LasA, which is still produced by the pqsL mutant. This would 
explain the complete lack of bactericidal activity of the lasR/rhlR double mutant against 
S. aureus even in the absence or presence of TO since this mutant is altered in the 
production of both LasA and HQNO (Figure 2A). 
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Figure 3. 
 
 
Figure 3. Effect of HQNO on kill kinetics of TO against S. aureus ATCC 29213 in (A) 
co-culture with mutant P. aeruginosa pqsL or in (B) mono-culture.  Viability of S. aureus 
is expressed in log10 CFU/mL as determined by plating sample dilutions on MSA agar.  
The open circles () are for control cultures supplemented with the antibiotic diluent 
(DMSO), the open triangles () for cultures with 8 mg/L of TO, the open squares () 
for cultures with 20 mg/L of HQNO, and the closed triangles (▲) for cultures 
supplemented with both TO and HQNO at the concentrations mentioned above.  The 
dotted line represents the inoculum size at 0 h 
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The combination of TO and TOB kills both a multi-resistant MRSA strain and P. 
aeruginosa PA14 in co-culture 
Due to the frequent co-isolation of S. aureus and P. aeruginosa from the sputum of CF 
patients, we examined the possibility of taking advantage of the bactericidal synergy 
between TO and the presence of P. aeruginosa to efficiently kill a multi-resistant MRSA 
strain in co-culture with P. aeruginosa. Furthermore, since TOB is frequently used as a 
prophylactic agent against P. aeruginosa, we tested the efficacy of the combination of 
TO and TOB against both pathogens in co-culture. Figure 4A reports the viability of the 
MRSA strain in co-culture with PA14 and supplemented or not with TO and/or TOB.  As 
expected, TOB did not affect the CFU counts of the TOB-resistant MRSA strain but 
addition of TO (8 mg/L) or TO combined with TOB (0.5 mg/L) significantly suppressed 
its growth at 24 h compared to the control culture.  In the same co-cultures, P. 
aeruginosa PA14 was not affected by the presence of TO but the addition of TOB (or 
TOB combined with TO) also significantly suppressed its growth compared to the 
control at 24 h (Figure 4B).  Note that in these co-cultures, TO was added at the time 
of inoculation, whereas TOB was added after 10 h to allow possible accumulation of 
some P. aeruginosa exoproducts such as HQNO and LasA. 
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Figure 4. 
 
 
Figure 4.  Residual viable counts of MRSA CF27A-L (A) or P. aeruginosa PA14 (B) 
after 24 h of co-culture in absence or presence of TO (8 mg/L), TOB (0.5 mg/L) or the 
TO and TOB combination.  TO was added at 0 h, TOB was added at 10 h. Residual 
bacterial counts are expressed in log10 CFU/mL as determined by plating sample 
dilutions on MSA agar for S. aureus and on cetrimide agar for P. aeruginosa. The bars 
represent the means log10 CFU/mL after 24 h of co-culture for at least three 
independent replicates with standard deviation.  One-way analysis of variance was 
performed with Dunnett’s post test. The P values are indicated (ns, not significant, P 
>0.05). The control co-culture in which only the antibiotic diluent was added is 
represented by the black bar (CTRL). 
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Discussion 
In CF, bacterial infections remain the most common reason for pulmonary exacerbation 
and hospitalization. S. aureus and P. aeruginosa are the most common pulmonary 
pathogens in CF.  Co-colonization of CF lungs by P. aeruginosa and S. aureus is 
frequent (Fugere et al., 2014)22, and may potentially impact on the patient health. One of 
the major issues in the control of bacterial infections in CF is the rising prevalence of 
multi-resistant bacteria. Between 1999 and 2008 the prevalence of MRSA within the 
USA population of CF patients had increased from 2% to 22.6% (Vanderhelst et al., 
2013)33. A recent study observed that MRSA in association with P. aeruginosa is indeed 
more deleterious to CF patients (Hubert et al., 2013)34. The use of inhaled tobramycin for 
prophylaxis and control of P. aeruginosa infection is now widespread (Bhatt, 2013; Flume 
et al., 2007; Mogayzel Jr. et al., 2013)35-37 but new strategies to tackle both P. aeruginosa 
and S. aureus/MRSA together seems eminently needed. 
In this study, we have investigated the bactericidal action of TO against S. aureus in a 
co-culture with P. aeruginosa. Biswas et al. have previously observed a bactericidal 
effect of P. aeruginosa on S. aureus in planktonic growth (Biswas et al., 2009)20. Our 
results demonstrated a bactericidal synergy between TO and the anti-staphylococcal 
activity of P. aeruginosa. Evidence suggests that this synergy depends on the activation 
of the QS system of P. aeruginosa and the production of at least two exoproducts: 
HQNO and LasA.  
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It is known that the anti-staphylococcal activity of LasA involves the degradation of 
pentaglycine cross-links in the peptidoglycan of S. aureus38, and LasA has been used 
as an antibiotic agent in experimental therapy against this bacterium (Barequet et al., 
2009)18. The reason why TO would enhance the activity of LasA against S. aureus or 
vice versa remains elusive and direct evidence for the contribution of this protease in 
the synergy between P. aeruginosa and TO is still needed.  Besides, the enhanced 
activity of TO against S. aureus could not be associated to the presence of P. 
aeruginosa rhamnolipids. The rhamnolipids produced by P. aeruginosa can 
permeabilize cell membranes of Gram-positive and Gram-negative bacteria (Sotirova 
et al., 2008)39. Similarly, we did not observe a bactericidal synergy between TO and P. 
aeruginosa mutants altered in the production of hydrogen cyanide or pyocyanin which 
are both electron transport chain inhibitors (Biswas et al., 2009; Voggu et al., 2006)20, 
40. Of course, the use of genetically-defective P. aeruginosa mutants only provide 
indirect evidence that these exoproducts cannot help the bactericidal activity of TO 
against S. aureus.  It is possible that these exoproducts could contribute to the killing 
of S. aureus in other cultivation conditions especially that HQNO is also, like hydrogen 
cyanide or pyocyanin, an electron transport chain inhibitor. 
 
HQNO stimulates the emergence of S. aureus SCVs possibly due to its activity as an 
electron transport chain inhibitor (Hoffman et al., 2006)21.  SCVs are recognized as 
persistent forms of bacteria associated with chronic infections (Kahl et al., 1998; Proctor 
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et al., 1998; Proctor et al., 2006)41-43 and show a reduce susceptibility to 
aminoglycoside antibiotics such as tobramycin due to their dysfunctional respiratory 
chain and altered proton motive force.  Inversely, SCVs are extremely susceptible to 
TO (Mitchell et al., 2011a)27. It is therefore tempting to speculate that HQNO sensitizes 
S. aureus to TO by impairing its electron transport chain.  Hydrogen cyanide and 
pyocyanin have been proposed to interfere with electron transfer differently than that 
known for quinolone N-oxides on the electron transport chain of S. aureus40 and this 
difference may perhaps explain the specific synergy of HQNO with TO. Curiously, 
although TO has no antibacterial effect on prototypical S. aureus, the combination of 
TO and an aminoglycoside demonstrates a strong synergy (Mitchell et al., 2012)26. To 
this day, the mechanism of action of TO against either SCVs or aminoglycoside-treated 
prototypical S. aureus, remains unknown but is clearly linked to the respiratory chain.   
Hence, in the context of a co-colonization by P. aeruginosa and S. aureus, it is possible 
that production of HQNO stimulates emergence of SCVs, which in turn may favor a 
persistent infection. Phenotypic switching between prototypical and SCV forms has 
also been reported in prolonged experimental infections in the mouse (Tuchscherr et 
al., 2011)44, and genetically related pairs of prototypical and SCV isolates have 
frequently been recovered from CF patients (Kahl et al., 1998; Kahl et al., 2003; 
Sadowska et al., 2002)42, 45, 46. Such studies indicate that S. aureus prototypical and 
SCV isolates frequently co-exist, especially in chronic infections. In principle, treatment 
of S. aureus prototypical and SCV isolates with a combination of TO and an 
aminoglycoside would efficiently kill both as we experimentally demonstrated 
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previously (Mitchell et al., 2012)26. In the present study, we extended the challenge to 
include P. aeruginosa. Interestingly, P. aeruginosa contributed to the bactericidal effect 
of TO against S. aureus and could efficiently suppress the growth of a multi-resistant 
MRSA strain. Moreover, the combination of TO and TOB could suppress the growth of 
both the MRSA strain and P. aeruginosa.  Evidently, the kinetic of production and the 
levels of HQNO and/or LasA in CF patients is probably highly variable and it is difficult 
to know if the synergy between TO and P. aeruginosa exoproducts could optimally 
occur in the host against S. aureus.  However, the synergy between TO and TOB is 
most likely to occur and the combination would most likely act against both S. aureus, 
S. aureus SCVs and P. aeruginosa. 
Overall, this study demonstrated the strong bactericidal effect of TO against S. aureus 
when co-cultured with P. aeruginosa, a phenomenon that is dependent on the presence 
of at least HQNO and LasA.  Taking advantage of this bactericidal effect, the 
combination of TO with an aminoglycoside such as TOB represents a new conceptual 
approach for treatment of CF patients who are frequently co-colonized by both MRSA, 
S. aureus SCVs and P. aeruginosa. 
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CHAPITRE III 
 
III.I. Avant propos. 
 
Cet article se consacre à la caractérisation de la TO et de son analogue FC04-100. 
Dans cet article il sera question de l’évaluation de la tomatidine et de son analogue 
(FC04-100) contre le groupe des Firmicutes. L’effet bactéricide de FC04-100 en 
combinaison avec la gentamicine a été d’évalué contre un S. aureus en biofilm. 
Finalement, FC04-100 a été testé contre S.aureus SCV dans un cadre d’infection 
cellulaire. Les résultats onbtenus ont démontré qu’il a une action similaire à la TO. 
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ABSTRACT  
 
Tomatidine (TO) is a plant steroidal alkaloid that possesses an antibacterial activity 
against the small colony variants (SCVs) of Staphylococcus aureus. We report here the 
spectrum of activity of TO against species of the Firmicutes and the improved 
antibacterial activity of a chemically-modified TO derivative (FC04-100).  In addition to 
that seen on S. aureus, TO showed a bactericidal activity against SCVs of Bacillus 
cereus, B. subtilis and Listeria monocytogenes. The combination of an aminoglycoside 
antibiotic and TO also generated an antibacterial synergy against strains of the normal 
phenotype in these species. In contrast to TO, which has no relevant activity by itself 
against S. aureus of the normal phenotype (MIC >64 mg/L), the TO analog FC04-100, 
showed a MIC of 8-16 mg/L. Furthermore, FC04-100 showed a strong bactericidal 
activity against L. monocytogenes SCVs in kill kinetic experiments, while TO did not.  
FC04-100 also improved the bactericidal activity of gentamicin against L. 
monocytogenes of the normal phenotype. The addition of FC04-100 (4 mg/L) to a 
cephalexin:kanamycin (3:2) combination improved the activity of the combination by 32 
fold against cephalexin and kanamycin-resistant MRSA strains.  In combination with 
gentamicin, FC04-100 also showed a strong bactericidal activity against biofilm-
embedded S. aureus and when used alone was superior to TO for its biofilm-preventing 
activity. Finally, FC04-100 and TO showed comparable intracellular killing of S. aureus 
SCVs in a polarized Calu-3 cell culture model.  In conclusion, chemical modifications 
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of TO allowed improvement of its antibacterial activity against L. monocytogenes SCVs 
and prototypical S. aureus.   
 
Keywords: Tomatidine, aminoglycoside, synergy, SCV, Firmicutes, S. aureus, L. 
monocytogenes 
 
Introduction 
 
The Firmicutes are Gram-positive bacteria with genomes presenting less than 50% of 
G+C. The Firmicutes constitutes one of the main divisions within the Bacteria and is 
divided into three classes: Bacilli, Mollicutes and Clostridia. The class of Bacilli is further 
divided into the orders of the Lactobacillales and the Bacillales. The Bacillales are 
divided into the genus of Staphylococcus, Listeria and Bacillus. A number of bacterial 
species such as Listeria spp. and Bacillus spp. can contaminate food and cause 
infections in humans (Magalhães and Nitschke , 2013). To name a few, Listeria 
monocytogenes, L. ivanovii, and Bacillus cereus can cause listeriosis (Guillet et al, 
2010) and food poisoining (FDA, 2012). Bacillus subtilis, B. coagulans, B. licheniformis 
and B. sphaericus are also known to cause illnesses. Bacillus anthracis causes anthrax 
and can often be acquired by contact with food producing animals and cattle (beef 
cattle, sheeps, etc.) and this bacterium is also well-known for its endospores that have 
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been used as biological weapons (Beierlein and Anderson, 2011). Staphylococci are 
divided in coagulase-positive species, Staphylococcus aureus being the most clinically 
relevant of this group, and coagulase-negative species, such as S. epidermidis, the 
most prevalent pathogen associated with infections of implanted medical devices 
(Vuong and Otto, 2002). The emergence and spread of resistance to multiple antibiotics 
in staphylococci is now considered a real health treat and impaired therapeutic 
endeavor to combat these bacteria (Witte et al., 2007). Notably, the prevalence of 
methicillin-resistant S. aureus (MRSA) has steadily increased over the recent years, 
not only in hospitals but also in the community (Hiramatsu et al., 2013).   
 
Since their first description in 1910 for Salmonella enterica serovar Typhi, (S. typhi), 
small-colony variants (SCVs) have been described for a wide range of bacterial genera 
and species and have been isolated from both laboratory and clinical environments 
(Proctor et al., 2006). Staphylococcus aureus SCVs have attracted a great deal of 
interest over the past recent years. S. aureus SCVs often present a dysfunctional 
oxidative metabolism causing an alteration in the expression of virulence factors, a slow 
growth, and a loss of colony pigmentation (Proctor et al., 2006). This dysfunctional 
oxidative metabolism is also responsible for a decreased susceptibility to 
aminoglycoside antibiotics because this class of molecules requires the proton-motive 
force in order to penetrate the bacterium (Bryan and Kwan , 1981). This respiratory 
deficiency is often caused by mutations affecting the electron transport system, and 
several SCV isolates can recover normal growth with supplemental hemin or 
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menadione, which are needed to synthesize electron transport system components.  S. 
aureus SCVs often are isolated from chronic infections, such as lung infections in cystic 
fibrosis (CF) patients, osteomyelitis, septic arthritis, bovine mastitis, and from infections 
associated with orthopedic devices (Atalla et al., 2008; Moisan et al., 2006; Proctor et 
al., 2006). The ability of S. aureus to switch back and forth from the prototypic to the 
SCV phenotypes in vivo is an integral part of the pathogenesis of S. aureus and may 
be responsible for the establishment of chronic infections (Tuchscherr et al., 2011; 
Mitchell et al., 2011a). 
 
Tomatidine (TO) is a steroidal alkaloid produced by the Solanaceae plant family such 
as the tomato (Ruiz-Rubio et al., 2001; Simons, 2006). We showed previously the 
antibacterial activity of TO against S. aureus SCVs and also documented a strong 
synergic activity of TO in combination with aminoglycoside antibiotics against prototypic 
S. aureus (Mitchell et al., 2011a; Mitchell et al.,2012. Recently, we synthesized a variety 
of TO analogs in order to explore the structure-activity relationship of this new class of 
antibiotics able to act on SCVs (Chagnon et al., 2014). One analog, FC04-100, showed 
the same steroidal backbone as the natural molecule but with an additional carbon 
chain on the A cycle (Fig. 1).  Preliminary characterization of FC04-100 revealed an 
antibacterial activity that was similar to that of TO against S. aureus SCVs and also 
preserved the synergic activity with aminoglycosides against prototypic S. aureus 
(Chagnon et al., 2014). However, contrary to TO, FC04-100 showed notable antibiotic 
activity by itself against prototypic S. aureus with a MIC of 8-16 g/L, whereas that of TO 
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was >64 g/L. It would be of great interest to see if this property of FC04-100 modifies 
or improves its spectrum of antibacterial activity. 
The aim of this study was to further describe the spectrum activity of TO and FC04-
100. The susceptibility of several species among the Firmicutes to TO and FC04-100 
alone or in combination with other antibiotics was investigated.  The improved 
antibacterial activity of FC04-100 was demonstrated against Listeria monocytogenes 
and methicillin-resistant S. aureus (MRSA). 
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Materials and methods 
 
Chemical reagents and antibiotics 
Tomatidine (TO) (Sigma Aldrich, Oakville, Ontario, Canada) (Fig. 1A) was solubilised 
in dimethylsulfoxide (DMSO) at a concentration of 2 mg/mL. The TO analog, FC04-100 
(Fig. 1B) was synthesized (Chagnon et al., 2014) and solubilised in DMSO at 20 g/L. 
Cefalexin, kanamycin, gentamicine (GEN) (all from Sigma Aldrich), were solubilised in 
water at a concentration of 10 g/L. Menadione was solubilized in DMSO, hemin in 1.4 
M NH4OH and thymidine in water (all from Sigma Aldrich) and were prepared at a 
concentration of 10 g/L.  
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Fig. 1. Tomatidine (A) is a steroid alkaloid structurally characterized by 6 rings, 12 
stereogenic centers, a 3 β-hydroxyl group and spiro-fused E, F rings in the form of an 
aminoketal. The tomatidine analog, FC04-100 (B) contains a diamine in position 3 of 
ring A 
 
Bacterial strains and growth conditions 
Staphylococcus aureus ATCC 29213, S. aureus Newbould (ATCC 29740), Listeria 
monocytogenes ATCC 13932, Bacillus subtilis ATCC 6333 and Bacillus cereus ATCC 
11778 were used as prototypic strains. Methicillin-resistant S. aureus (MRSA) strains 
A 
B 
A B 
C D 
E 
F 
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COL and USA100 (hospital acquired-MRSA) and strain USA300 (community acquired-
MRSA), were also used in this study.  The reference laboratory strain S. aureus SH-
1000, an isogenic mutant strain derived from S. aureus 8523-4 but with a functional 
rsbU allele (Horsburgh et al.,. 2002), was used for its good yield of biofilm production.  
The S. aureus strains CF07-L (prototypic) and CF07-S (SCV phenotype) are genetically 
related clinical strains originally isolated from a cystic fibrosis patient (Mitchell et al.,. 
2011b). Strain CF07-S was used in the intracellular infection model. Staphylococcus 
and Bacillus were maintained on Tryptic Soy agar (TSA, BD, Mississauga, Ontario, 
Canada), whereas L. monocytogenes was grown on brain-heart infusion (BHI) agar 
(BD, Mississauga, Ontario, Canada). 
 
Small colony variants (SCVs) 
For S. aureus, strain NewbouldhemB was used as the reference SCV.  
NewbouldΔhemB was generated from strain Newbould (ATCC 29740) by disrupting 
the hemB gene with the ermA cassette by homologous recombination (Brouillette, 
2004). SCVs from B. cereus, B. subtillis and L. monocytogenes were generated by 
growth in presence of a subinhibitory concentration of GEN. Briefly, overnight broth 
cultures (18–20 h) were used to inoculate BHI broth at a dilution of 1:100, supplemented 
or not with 0.25 to 1X the MIC of GEN. Cultures were incubated 18 h at 35°C with 
shaking (225 rpm) and then adjusted to an A595 nm of 2.0 in PBS at 4°C. Determination 
of CFU and SCV colonies was done by serial dilution plating. SCV were obtained by 
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plating on TSA (BHI agar for L. monocytogenes) containing gentamicin at a 
concentration of 8 to 16 times the induction concentration followed by an incubation of 
48 h at 35°C. The pinpoint colonies selected by this method were confirmed to be SCVs 
by streaking several of them on agar plates without antibiotic. SCV that conserved their 
phenotype after two passages were considered to have a stable phenotype and were 
used in subsequent experiments. Selected SCVs had a colony size a tenth of the size 
of a normal colony and showed no pigmentation or hemolytic activity on blood agar 
plates. The SCV species were confirmed by rDNA 16S sequencing after PCR 
amplification using universal primers (Gomaa and Momtaz, 2007). 
 
Auxotrophy assays 
For SCVs, auxotrophism is defined as the requirement of specific compounds in order 
to regain a normal growth phenotype (Sendi and Proctor, 2009). An agar diffusion 
method was used to characterize the auxotrophism of SCVs using hemin or menadione 
(1-10 μg each/well) or thymidine (100 µg/well) on an inoculated Mueller-Hinton agar 
(MHA) or Brain-heart infusion agar (BHIA) plate (Besier et al., 2007). Auxotrophy for 
specific supplements was detected by a zone of normal growth surrounding the well 
after 18 h of incubation at 35°C. The results were confirmed by two indepedent 
experiments. 
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Antibiotic susceptibility testing 
MICs were determined by a broth microdilution technique following the 
recommendations of the Clinical and Laboratory Standards Institute (CLSI), except that 
the incubation period was extended to 48 h and the medium used was BHI to allow 
SCVs to reach maximal growth as previously described (Mitchell et al., 2010). As 
recommended by the CLSI, L. monocytogenes (and its SCVs) were grown in cation-
adjusted Muller-Hinton broth (CAMHB, BD) containing 3% lysed horse blood (LHB, 
Remel, Hartford, CT, USA). The reported results were obtained from three independent 
experiments. 
 
Time-kill experiments 
Kill kinetics were performed to determine whether the effect of compounds alone or in 
combination was bacteriostatic or bactericidal. Bacteria were inoculated at 105-106 
CFU/mL in appropriate medium in the absence or presence of the different antibiotic 
compounds at concentrations specified in figure legends. At several points in time at 
35°C (225 rpm), bacteria were sampled, serially diluted, and plated on TSA for CFU 
determinations. Plates were incubated for 24 or 48 h at 35°C for normal and SCV 
strains, respectively. The data were collected from a minimum of three independents 
experiments. 
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Antibiotic activity in biofilms 
The viability of bacteria in biofilms was evaluated based on previously described 
protocols (Ceri et al., 2001; Moskowitz et al., 2004; Harrison et al., 2010). For these 
assays, 96-peg lids and corresponding 96-well plates were used (Nunc). Wells were 
inoculated with a suspension of S. aureus SH-1000 adjusted to a 0.5 McFarland 
standard in TSB (150 µL per wells) and plates with 96-well lids were incubated at 35°C 
with an agitation of 120 rpm for 24 h. The biofilms on pegs were then washed three 
times with 200 µL PBS. Biofilms on pegs were further incubated in fresh 96-well plates 
containing 200 µL of TSB containing or not antibiotic compounds or a combination of 
molecules at 35°C, 120 rpm for 24 h. The treated biofilms on pegs were washed three 
times in PBS and bacteria in biofilms were recovered by sonication in a new microtiter 
plate containing 200 µL of PBS per wells using an ultrasonicator bath for 10 min 
followed by centrifugation for five min at 1000 RPM. The bacteria recovered in each 
well were resuspended, serially diluted, plated on TSA and incubated at 35°C for 24 h 
before CFU determination. 
 
For an equivalent series of wells, instead of disrupting the biofilm by sonication, biofilm 
formation on pegs was evaluated through crystal violet staining using a procedure 
adapted from Mitchell et al.(2010).  Following exposure to antibiotics as described 
above, biofilms on pegs were washed three times using 200 µL of PBS before biofilms 
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were air-dried for 30 minutes. Biofilm on pegs were then stained by dipping in 200 µL 
of a crystal violet solution (0.1%) for 30 minutes, rinsed in 200 µL of distilled water and 
air-dried for 30 min. Finally, the crystal violet from stained biofilms was solubilized in 
200 µL of ethanol 95% at room temperature and the absorbance was measured at 562 
nm using a plate reader . 
 
Cell invasion and measurement of intracellular antibiotic activity 
The Calu-3 cell line (ATCC HTB 55, Homo sapiens lung adenocarcinoma), was 
cultured in Eagle’s Minimum Essential Medium (EMEM) supplemented with 0.1 mM 
MEM nonessential amino acids, 1 mM of sodium pyruvate, 100 U/mL penicillin, 100 g/L 
streptomycin, 2.5 g/L of Fungizone and 10% fetal bovine serum (FBS) at 37oC in 5% 
CO2. For routine culture, 4 g/L of puromycin was added to culture media. All cell culture 
reagents were purchased from Wisent (St-Bruno, QC, Canada). 
 
The cell invasion assay was performed with the Calu-3 cells in an air-liquid interface as 
previously described with few modifications (Mitchell et al., 2011). Briefly, cells were 
seeded at 1.5 x 105 cells per insert in a 12-well Transwell plate (Corning, NY) and 
cultured for 10 days with the apical medium replaced each day. The complete medium 
in the basal compartment was replaced by the invasion medium (1% FBS and no 
antibiotics) 18 h before invasion assays. Inocula were prepared by suspending bacteria 
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grown 20 h on BHI agar plates in ice-cold PBS. Bacteria were then washed three times 
in ice-cold PBS and suspended in the invasion medium supplemented with 0.5% BSA 
at a density of approximately 4 x 108 CFU/mL. Cells were washed twice with PBS and 
250 μL of bacterial suspension were apically added to each insert. Invasion of cells by 
bacteria was allowed for 3 h, inserts were emptied and washed three times with PBS. 
The basal medium was changed for the invasion medium with 20 g/L of lysostaphin 
(Sigma) to kill extracellular bacteria and with or without the tested antibiotic compounds. 
The infected cells were incubated for a total of 48 h with a change of medium at 23 h 
(invasion medium with lysostaphin with or without the tested antibiotic compounds). 
The invasion medium with lysostaphin but without tested compound was also apically 
added 1 h before cell lysis to ensure that only intracellular bacteria were counted. At 48 
h, following three washes with PBS, the apical and basal media were removed and 
cells were detached with 100 μL of trypsin 0.25% and lysed for 10 min by the addition 
of 400 μL of water containing 0.05% of Triton X-100. Then, 50 μL of PBS (50X) was 
added and mixed. Lysates were serially diluted 10-fold and plated on TSA for CFU 
determination. Plates were incubated at 35oC for 48 h. 
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RESULTS 
Emergence the SCV phenotype 
The SCV phenotype is characterized by a slow growth yielding small colony size on 
agar plates (1/5 to 1/10 of the parent phenotype). Two prototypic S. aureus, Newbould 
and CF07-L, and their SCV counterpart NewbouldhemB and CF07-S, respectively, 
were used as control strains (Fig. 2A and 2B). Figure 2 illustrates the ability of a 
subinhibitory concentration of GEN to promote the emergence of the SCV phenotype 
for B. cereus, B. subtilis and L. monocytogenes. B. cereus SCVs were obtained at an 
inducing concentration of 1 X MIC of GEN (Fig. 2C), B. subtilis SCVs at 0.5 X MIC (Fig. 
2D), and L. monocytogenes SCVs at 0.25 X MIC (Fig. 2E). The SCV isolates selected 
for the rest of the study add a low reversion rate and kept their phenotype without a 
GEN selection pressure. The B. cereus SCVs showed auxotrophy for menadione (Fig. 
1F, Table 1), some of the L. monocytogenes SCVs showed auxotrophy for hemin 
(Table 1), while the B. subtilis SCVs showed no apparent auxotrophy to hemin, 
menadione or thymidine (Table 1).  These results show that SCVs with defects in their 
respiratory chain (i.e., hemin or menadione auxotrophy) can indeed emerge from a 
selective pressure with aminoglycosides. 
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Fig. 2. Typical colony sizes for SCV and prototypic strains (left and right sides of the 
plates, respectively) for (A) S. aureus CF07-S and CF07-L, (B) S. aureus 
NewbouldhemB and Newbould, (C) B. cereus ATCC 11778 (SCV#1 and prototypic), 
(D) B. subtilis ATCC 6333 (SCV#2 and prototypic), and (E) L. monocytogenes ATCC 
C D 
E 
i ii 
iii iv 
v 
F 
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13932 (SCV#1 and prototypic). In (F), a TSA plate was inoculated with a B. cereus 
SCV#1 and wells were filled with (i) 10 µg hemin , (ii) 10 µg menadione, (iii) 100µg 
thymidine, and diluents (iv) DMSO, and (v) NH4OH 1.4N. 
Antibacterial activity of TO against the various species of SCVs and 
synergy of the TO and GEN combination against some prototypic 
Firmicutes. 
All the SCVs tested showed a MIC for TO of 0.06 mg/L against S. aureus and <0.03 
mg/L against L. monocytogenes, B. cereus and B. subtilis respectivly, whereas TO 
showed no activity (MIC >64 µg/mL) against their prototypic counterparts (Table 1). A 
synergic effect of TO with GEN against all the prototypic strains tested was also 
observed (Table 1). Indeed, the addition of TO provoked a 4-8 fold decrease of GEN 
MIC against all species tested (Table 1). These results are consistent with our previous 
studies on the activity of TO on S. aureus ((Mitchell, 2011 AAC, 2012 JAC)).  No change 
in the MIC of GEN was observed against the streptococci (S. pyogenes, S. suis, S. 
agalactiae, S. mitis and S. pneumoniae) when tested in combination with TO (data not 
shown). These results show that TO is active against some but not all Firmicutes. 
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Table 1. Susceptibility of prototypic and SCV strains and species to TO and/or GEN 
 
* Ratio of activity of GEN+TO vs GEN alone 
 
Bactericidal activity of TO against SCVs and bactericidal synergy of 
the TO and GEN combination against prototypic strains 
As shown above, the addition of 8 mg/L of TO to GEN reduced the MIC of GEN against 
some Firmicutes (Table 1), but also, time-kill kinetics showed that TO improved the 
bactericidal effect of GEN against prototypic B. subtilis and B. cereus (Fig. 3A and 3B, 
respectively). This bactericidal synergy was also previously described for S. aureus 
TO GEN
GEN 
(+TO)
S.aureus  ATCC 29213 >64 0.5 0.06 8
S.aureus NewbouldΔhemB 0.06 8 Hemin
B. cereus  ATCC 11778 >64 1 0.25 4
B. cereus  ATCC 11778 (SCV#1) <0.03 16 Menadione
B. cereus  ATCC 11778 (SCV#2) <0.03 16 Menadione
B. subtilis  ATCC 6333 >64 0.125 0.03 4
B. subtilis  ATCC 6333 (SCV#1) <0.03 2 unknown
B. subtilis  ATCC 6333 (SCV#2) <0.03 4 unknown
B. subtilis  ATCC 9372 >64 0.125 <0.015 >8
B. subtilis  ATCC 9372 (SCV#1) <0.03 1 unknown
B. subtilis  ATCC 9372 (SCV#2) <0.03 1 unknown
L. monocytogenes >64 0.5 0.125 4
L. monocytogenes (SCV#1) <0.03 >64 unknown
L. monocytogenes (SCV#2) <0.03 >64 Hemin 
Strains
MIC (g/L)
Synergy                
fold*
Auxotrophy
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(Mitchell, 2012 JAC). However, although the MIC of GEN was improved when in 
combination with TO against L. monocytogenes (Table 1), time-kill experiments failed 
to demonstrate a bactericidal synergy with an improvement of at most 1 log10 in killing 
compared to that achieved with GEN alone (Fig. 3C).  Similarly, the effect of TO used 
alone against SCVs was strongly bactericidal against S. aureus, B. subtilis and B. 
cereus, but not against the L. monocytogenes SCV (Fig. 3D), and this even if the MIC 
of TO against L. monocytogenes SCVs was inferior to 0.03 mg/L (Table 1). These 
results show that the activity of TO against L. monocytogenes needs to be improved. 
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Fig. 3. Time-kill kinetics of TO and/or GEN against (A) prototypic B. subtilis ATCC 
6333,(B) B. cereus ATCC 11778, and (C) L. monocytogenes ATCC 13932.  The 
bactericidal effect of TO against SCVs is also shown at 8 h and 24 h (D).  The results 
were obtained from at least three independent experiments. 
 
 
A B 
C 
D 
Detection 
threshold 
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Bactericidal activiy of the TO analog, FC04-100, against L. 
monocytogenes SCVs and synergy with aminoglycosides against 
prototypic strains and MRSA 
The addition of 8 mg/L of FC04-100 to GEN (2 mg/L) decreased by an average of 5 
log10 prototypic L. monocytogenes CFU/mL, after 24 h of treatment, in comparison to 
GEN alone (Fig. 4A). Also, the bactericidal activity of FC04-100 used alone against the 
L. monocytogenes SCV was shown to be better than that observed for TO (Fig. 3D).  
To facilitate comparison between TO and FC04-100, Figure 4B shows the residual CFU 
of the L. monocytogenes SCV strain after treatment with TO or FC04-100 and 
calculated as the percentage of live CFU in comparison with untreated L. 
monocytogenes SCVs after 24 h of incubation.  These results show that TO can be 
chemically modified (e.g., derivative FC04-100) and improve its activity against L. 
monocytogenes and thus, the antibacterial activity of FC04-100 against S .aureus was 
further investigated. Interestingly, the MIC of FC04-100 against the SCV strain S. 
aureus NewbouldhemB (MIC of 0.5 -1 mg/L, Table 2) was higher than that found for 
TO (MIC of 0.06 mg/L, Table 1). On the other hand, the MIC of FC04-100 against the 
prototypic S. aureus ATCC 29213 is lower than that of TO (8-16 mg/L vs. > 64 mg/L, 
respectively) (Tables 1 and 2).  This newly detected antibacterial activity of FC04-100 
was also noted against prototypic MRSA strains (Table 2).  Furthermore, the ability of 
FC04-100 to potentiate the activity of GEN was similar to that of TO with a 4 to 8 fold 
improvement of the aminoglycoside MIC (Table 2). 
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Although the multi-resistant S. aureus MRSA USA100, USA300 and COL are resistant 
to cefalexin (beta-lactam antibiotic, MIC of 256 mg/L) and to the aminoglycoside 
kanamycin (MIC of 256 mg/L and > 1024 mg/L, for USA 100 and USA300, respectively, 
Table 3), the combination of both antibiotics decreased their respective MICs (Table 
3). Indeed, the combination of cefalexin and kanamycin in a proportion of 3:2 
(commercialized under the name UbrolexinTM) decreased the MIC of one or both 
antibiotics. This is as expected for the combination of a beta-lactam with an 
aminoglycoside (Davis, 1982). However, the synergy is weak with MRSA strains that 
are resistant to one or the other or both antibiotics and the addition of 4 mg/L of FC04-
100 further improved by 8 to 32 fold the MIC of the cephalexin-kanamycin combination 
against these strains (Table 3). 
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Fig. 4.  Time-kill kinetics of FC04-100 and/or GEN against (A) prototypic L. 
monocytogenes ATCC 13932. The bactericidal effect of FC04-100 used alone against 
L. monocytogenes SCV#1 is also shown at 8 h and 24 h (B). In (B), the residual CFU 
were calculated as the percentage of live CFU in each condition in comparison with the 
untreated L. monocytogenes SCV#1 after 24h of incubation. The results were obtained 
from at least three independent experiments. 
A 
B 
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Table 2. Susceptibility of prototypic and SCV S. aureus strains to FC04-100, with or 
without GEN. 
 
a FC04-100 w as used at 4 µg/mL.  
b Ratio of activity of GEN + FC04-100 vs. activity of GEN alone. 
 
 
Table 3. Synergistic activity of FC04-100 with the combinaison cefalexin-kanamycin 
 
 
aFC04-100 was used at 4 µg/mL. 
Staphylococcus aureus  ATCC 29213 8-16 0.5 0.06-0.125 4-8
S. aureus SH1000 8-16 0.5 0.06-0.125 4-8
S. aureus  NewbouldΔhemB 1 8
MRSA USA100 16 0.5 0.125 4
MRSA USA300 16 0.5 0.06 8
MRSA Col 16 0.25 0.06 4
Strains FC04-100 GEN
GEN                                              
(+FC04-100  )
fold
MIC (g/L)
MRSA USA100 256 256 128:86 4:3 32
MRSA USA300 256 >1024 256:171 8:6 32
MRSA Col 256 4 4:3 0.5:0.35 8
MIC (g/L)
Strains cefalexin kanamycin cef+kana (3:2)
cef+kana (3:2) 
(+FC04-100  )
fold                            
a 
b 
a 
b 
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bRatio of the MIC of cefalexin+kanamycin with FC04-100 vs the MIC of 
cefalexin+kanamycin alone. 
FC04-100 potentiates GEN against S. aureus embedded in biofilm 
and inhibits intracellular replication of SCVs 
Figure 5 demonstrates that compound FC04-100 efficiently kills S. aureus embedded 
in biofilms when in combination with GEN, i.e., there was an important decrease of 
bacterial CFUs compared to the no drug control or to either FC04-100 used alone at 4 
ug/mL (i.e., 0.25-0.5MIC, Table 2) or GEN used alone at 0.25, 0.5 or 1 X MIC.  Besides, 
we previously demonstrated that TO was able to inhibit intracellular replication of SCVs 
(Mitchell AAC), which is an important aspect of virulence for S. aureus.  Here (Fig. 6), 
we show that FC04-100, like TO, can significantly decrease the infection of polarized 
airway epithelial cells by SCVs. 
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Fig. 5.  Bactericidal effect of FC04-100 alone or in combination with GEN against 
prototypic S. aureus SH100 embedded in biofilm. FC04-100 (FC04) was used at 4 mg/L 
alone or in combination with GEN. Data are from three independent experiments 
performed in triplicate. Significant differences in comparison to the no drug control are 
shown (**, P< 0.001 and ****, P< 0.0001; one-way ANOVA with a Dunnett’s post test). 
Data are presented as means with standard deviations. 
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Fig. 6.  Effect of TO and FC04-100 on the intracellular load of CF07-S 48 h post-
internalization. Data are from three independent experiments performed in duplicate. 
Significant differences among groups are shown (****, P< 0.0001One-way ANOVA with 
Turkey’s post test). Data are presented as means with standard deviations. 
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DISCUSSION 
 
In previous studies, we have demonstrated that TO has a strong inhibitory activity 
against S. aureus SCVs and improves the bactericidal activity of aminoglycoside 
antibiotics against prototypic S. aureus and also more broadly against staphylococci. 
This effect was documented for several strains of diverse clinical origins including 
aminoglycoside-resistant S. aureus carrying aminoglycoside modifying enzymes. TO 
showed however no synergistic effect on the activity of aminoglycosides against P. 
aeruginosa, E. coli or Enterococcus spp (Mitchell et al., 2012). In the present study, we 
showed that the antibacterial spectrum of TO can be extended to species of the 
Bacillales order with very low MICs against L. monocytogenes, B. cereus and B. subtillis 
SCVs (<0.03 µg/mL). Time-kill kinetics showed that the combination of TO and GEN 
creates a bactericidal synergy against prototypic of B. subtilis and B. cereus, similarly 
to that previously demonstrated against S. aureus. However, the mixture of TO and 
GEN did not demonstrated much improvement over the activity of GEN alone against 
prototypic L. monocytogenes in time-kill experiments.  Likewise, investigations with 
Bacillales SCVs showed that TO efficiently killed S. aureus, B. cereus and B. subtillis 
but not L. monocytogenes SCVs despite its very low MIC and was thus bacteriostatic 
against that species.  Therefore, amelioration of the antibacterial activity against this 
important pathogen seems inevitable for future development of steroidal alkaloids such 
as TO. 
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TO is a steroid alkaloid structurally characterized by 6 rings, 12 stereogenic centers, a 
3-hydroxyl group and spiro-fused E, F rings in the form of an aminoketal (Fig. 1). It is 
generally prepared by hydrolysis of its glycosylated analog tomatine while both 
molecules can be found in the Solanaceae plants (Ruiz-Rubio et al, 2001; Simons et 
al, 2006). Although we previously documented some interesting antibacterial activity 
for TO, the absence of an identified cellular target makes difficult the establishment of 
a structure-activity relationship (SAR). Our initial attempt to elucidate SAR was 
therefore based on the hypothesis that the steroidal A-D rings act as a rigid scaffold to 
orient pharmacophores defined by the 3-hydroxyl group on ring A and the 
spiroaminoketal group on rings E, F. Noteworthy, we prepared analogs bearing 
modifications on ring A of TO and schemes for chemistry synthesis were recently 
published (Chagnon et al., 2014).  From seven compounds keeping rings E and F of 
TO and possessing structural variations on position 3 of ring A we were able to 
ascertain some structure activity relationships. Results suggest that the hydrogen bond 
donor effect of the 3-hydroxyl group was not important for activity although the 
stereochemistry of the 3 position substitution moderately affected activity against both 
S. aureus SCVs and prototypic strains (in combination with an aminoglycoside). In 
addition, although the presence of one or two ammonium groups in position C3 reduced 
the activity against S. aureus SCVs (from a MIC of 0.06 to 0.5-1 µg/mL), this change 
was highly beneficial for antibiotic activity against normal strains (from a MIC of >64 to 
8-16 µg/mL) without the presence of an aminoglycoside. This change was unexpected 
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and one of such analogs, FC04-100, increased its solubility by more than ten times 
(from 2 mg/mL to 26 mg/mL in DMSO). The biological properties of FC04-100 were 
therefore further investigated in the present study, especially that TO showed some 
weak bactericidal activity against Listeria and that the solubility of TO may limit eventual 
clinical applications. 
 
Here we demonstrated that FC04-100 was able to kill both L. monocytogenes SCVs as 
well as the normal phenotype, alone and in the presence of GEN, respectively (Fig. 4).  
Furthermore, FC04-100 showed a noticeable antibacterial activity on its own (MIC of 
16 µg/mL) against the MRSA strains USA100, USA300 and COL (Table 2). FC04-100 
was also synergistic in combination with an aminoglycoside against such MRSA strains 
with a 4 to 8 fold gain in the MIC of GEN. Because MRSA strains are often multiresistant 
to antibiotics and often carry AMEs, we examined the possibility of using a triple 
antibiotic combination.  Indeed, the combination of kanamycin and cefalexin in a 
proportion 3:2 is already approved to treat bovine mastitis pathogens under the brand 
name of UbrolexinTM (Ganière and Denuault, 2009).  This antibiotic combination offers 
an extended spectrum of activity compared to each individual drug and is expected to 
cover both S. aureus, Streptococcus uberis, and E. coli (Ganière and Denuault, 2009; 
Maneke et al., 2011; Silley et al., 2012). Unfortunately, the increased frequency of 
livestock-associated MRSA (Garcia-Alvarez et al., 2011; Graveland et al., 2011; 
Leonard and Markey, 2008) and frequent incidence of strains and species carrying 
AMEs (Ramirez and Tolmasky, 2010) may limit the spectrum of activity of the 
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combination of a beta-lactam and an aminoglycoside. With this in mind, we showed 
that the use of FC04-100 in combination with kanamycin and cefalexin improves by 32 
fold the activity of this mixture against MRSA strains carrying AMEs (Table 3). Overall 
the addition of FC04-100 to the aminoglycoside-beta-lactam combination decreased 
the MICs of kanamycin and cefalexin below their resistance breakpoints, and this for 
all the MRSA strains tested. 
 
L. monocytogenes is a highly specialized intracellular pathogen (Hamon et al., 2006), 
causing life-threatening infections, especially in pregnant women (Janakiraman, 2008).  
L. monocytogenes in a foodborne pathogen and because of its intracellular life cycle 
and propagation, it is able to hide from host defenses and antibiotic treatment.  
Similarly, S. aureus, although not primarily recognized as a typical intracellular 
pathogen, is also able to enter and survive in host cells (Lowy, 2000).  Moreover, the 
ability of S. aureus to convert to the SCV phenotype showing increased biofilm 
production, improved adherence to host cells and tissues as well as increased 
intracellular persistence allows this pathogen to cause chronic and difficult to treat 
infections (Garcia et al., 2013; Mitchell and Malouin, 2012). Discovering antibacterial 
drugs able to act in the intracellular compartment is generally recognized as a difficult 
challenge. Previously, we demonstrated that steroidal alkaloids such as TO had such 
an ability and could act on intracellular S. aureus SCVs (Mitchell et al., 2011a), and 
here, we demonstrated that this was also the case for the TO analog FC04-100 (Fig. 
6). In addition, we also show in the present study that FC04-100 greatly improves the 
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bactericidal activity of aminoglycosides such as GEN against bacteria embedded in 
biofilms.  Biofilms are recognized to be a major hindrance to antibiotic action and are 
responsible for persistent colonization in many diseases (Costerton et al., 1999) and in 
the food industry (Srey et al., 2013).  The intracellular and intrabiofilm antibacterial 
properties of FC04-100 warrant further investigation of this compound and this class of 
molecules in general. 
 
In conclusion, we showed in this study that the spectrum of activity of TO is related to 
the Firmicutes division, and more precisely, to the order of the Bacillales. TO possesses 
an antibacterial activity against SCVs and a synergistic activity with animoglycoside 
antibiotics against prototypic strains. The novel TO analog FC04-100 showed very 
promising new characteristics that include a much improved bactericidal effect on L. 
monocytogenes and killing of bacteria in biofilms. 
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CHAPITRE IV 
 
DISCUSSION GÉNÉRALE ET CONCLUSION 
 
L’étude qui vous est présentée a été consacrée à l’approfondissement de nos 
connaissances de la TO et à la caractérisation de son analogue FC04-100. Notre 
tentative de développer de nouveaux antibiotiques prend tout son sens en considérant 
le problème des infections récurrentes. Ces infections sont responsables tant de la 
détérioration de la qualité de vie des patients, que des dépenses faramineuses que les 
sociétés doivent injecter dans le système de santé pour traiter les patients (Davies et 
Davies, 2010; R. Douglas Scott II, 2009). Ce type d’infections est causé par des 
microorganismes multirésistants aux antibiotiques actuels et/ou par la production de 
biofilm. Actuellement, nous vivons une pénurie en matière de conception et de 
commercialisation de nouveaux composés antibactériens. La recherche en matière de 
développement d’antibiotiques a été délaissée à la fin des années 1970 et peu 
investiguée depuis (Falconer et al., 2011; Gonzalez et al., 2012). Cette négligence 
nous cause de nombreux problèmes et explique ce nouvel engouement pour la 
recherche de composés antibactériens. Encore aujourd’hui, le règne végétal est peu 
investigué en tant que source de composés actifs bien que le quart des composés 
pharmaceutiques proviennent des végétaux (Abreu et al., 2012). 
Le projet qui a été présenté s’inscrit dans cette volonté de découvrir de nouvelles 
molécules synthétiques en s’inspirant de celles présentes chez les plantes. Ainsi, dans 
ce projet, les efforts ont été consacrés à poursuivre la caractérisation du pouvoir 
antibactérien de la TO. L’existence de cette molécule est connue depuis plusieurs 
années et différentes études ont porté sur l’effet de la TO sur les cellules humaines. À 
ma connaissance, nous sommes le premier groupe à avoir démontré un effet 
antibactérien de la tomatidine contre S. aureus prototype et SCV. Avant d’entreprendre 
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ce projet nous savions que la TO agissait comme antivirulent et comme potentialisateur 
des aminoglycosides contre S. aureus prototype (Mitchell et al., 2012). D’autre part, 
TO agit également contre S. aureus SCV en inhibant la synthèse protéique et inhibant 
la réplication intracellulaire (Mitchell et al., 2011a). Lors de mon projet, j’ai poursuivi la 
caractérisation de la TO en un premier temps dans un contexte de culture 
polymicrobienne avec S. aureus et P. aeruginosa. Dans un second temps, j’ai évalué 
l’effet de la combinaison gentamicine/FC04-100 contre S. aureus en biofilm et j’ai 
comparé le pouvoir inhibiteur de FC04-100 contre la réplication de S. aureus SCV 
internalisé dans les cellules pulmonaires. 
Le premier volet de mon projet avait pour but de déterminer les concentrations de TO 
et TOB à utiliser pour éradiquer une culture mixte de S. aureus et P. aeruginosa. Les 
résultats préliminaires du projet m’ont permis de constater que la TO avait un effet 
bactéricide contre P. aeruginosa (sans présence de TOB). Cette observation m’a 
amené à me questionner sur les raisons de ce phénomène. À ce moment, j’ai émis 
l’hypothèse que les exoproduits de P. aeruginosa étaient impliqués dans l’action de la 
TO. Une série de courbes de bactéricidie avec différents mutants du QS de 
P. aeruginosa m’a permis de mettre en lumière l’importance du HQNO et de LasA dans 
ce processus. Ces résultats concordent avec la littérature puisqu’il est connu que le 
HQNO induit le changement de phénotype de S. aureus prototype à SCV (Hoffman et 
al., 2006). De cette manière, la TO peut agir sur les SCV pour inhiber la synthèse 
protéique. Par la même occasion, la présence de LasA (connu  pour induire la lyse de 
S. aureus) induirait la lyse des SCV et puisqu’il y aurait peu de réplication part de ceux-
ci, on constate ainsi une chute drastique de S. aureus (Dekimpe et Déziel, 2009; 
Spencer et al., 2010). Également, en cours projet, j’ai pu mettre au point une 
concentration de TOB qui en présence de TO permet de diminuer la population de P. 
aeruginosa et d’un MRSA résistant à TOB. Ce résultat met à jour le potentiel 
antibactérien de la TO dans le cadre d’infections difficiles à éradiquer causées par un 
MRSA qui se retrouve co-isolé avec P. aeruginosa. Ce scénario qui pourrait être de 
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plus en plus fréquent si on se fie à l’augmentation du nombre d’isolat de MRSA chaque 
année (Jennings MT, Riekert KA, Boyle MP, 2014). 
Le second volet de mon projet m’a permis d’investiguer le potentiel d’action de 
l’analogue FC04-100 contre S. aureus. En premier lieu, ce projet a démontré que 
FC04-100 pouvait être actif contre S. aureus prototype, car une CMI (8-16 µg/ml) a été 
détecté par rapport à TO qui n’a pas de CMI connue contre S. aureus. De plus, les 
résultats obtenus ont démontré qu’une synergie était également possible avec la 
gentamicine. Par la suite, j’ai testé l’efficacité de FC04-100 (seul ou en combinaison 
avec GEN) contre des biofilms de S. aureus préalablement formés suite à une 
incubation de 24h. Les premiers résultats ont démontré que FC04-100 réduisait 
significativement la viabilité des bactéries en biofilm par rapport à la condition contrôle. 
De plus, suite à une exposition à la combinaison GEN-FC04-100, j’ai pu démontrer que 
ces deux composés agissaient en synergie et que l’activité antibactérienne est dose-
dépendante. Cette observation a également été effectuée contre une culture de S. 
aureus planctonique. Les résultats associés au test de biofilm laissent croire que le 
composé FC04-100 pourrait être utilisé avec le GEN contre des infections récurrentes 
causées par les biofilms. J’ai également effectué des tests d’inhibition de réplication 
intracellulaire avec le composé FC04-100 sur des cellules infectées avec une souche 
de S. aureus SCV. Lors de cette expérience j’ai comparé l’efficacité de FC04-100 à la 
TO et pour une concentration de 8 µg/ml, les deux composés réduisent 
significativement et de manière similaire la quantité intracellulaire de S. aureus SCV. 
L’ensemble de ces résultats a permis de caractériser davantage la TO et FC04-100. 
Les résultats obtenus quant aux expériences de co-culture entre S. aureus et 
P.aeruginosa exposés à la combinaison TO-TOB, révèle un potentiel thérapeutique 
pour contrer les infections mixtes. Ces résultats sont d’autant plus intéressants, car 
l’exploit a été réalisé avec un MRSA résistant à TOB, un antibiotique largement utilisé 
aujourd’hui pour traiter les infections à P. aeruginosa chez les patients souffrant de FK. 
Parallèlement à ces expériences, le potentiel thérapeutique de FC04-100 a été 
démontré contre S. aureus prototype, en culture planctonique et biofilm, mais 
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également contre la forme SCV de S. aureus, un phénotype associé aux infections 
persistantes. 
Ces observations sont encourageantes pour le développement de nouveaux 
antibiotiques, car si les expériences futures de cytotoxicité in vitro et in vivo montrent 
des résultats satisfaisants, nous pourrions dès lors compter sur un nouveau squelette 
chimique pour élaborer une nouvelle molécule antibactérienne. Bien que ces résultats 
soient intéressants, rien n’est joué pour la TO et FC04-100 : les études de chimie de 
synthèse doivent continuer afin de développer d’autres analogues de la TO. Si par 
malheur, aucun candidat ne permettrait de développer une nouvelle drogue, il ne faut 
pas oublier que le monde végétal pourrait bien regorger encore de plusieurs composés 
aux avenirs prometteurs. 
  
 108 
 
BIBLIOGRAPHIE 
 
Abreu, A.C., McBain, A.J., and Simões, M. (2012). Plants as sources of new 
antimicrobials and resistance-modifying agents. Nat. Prod. Rep. 29, 1007-1021.  
Alcorn, J.F., and Wright, J.R. (2004). Degradation of pulmonary surfactant protein D by 
Pseudomonas aeruginosa elastase abrogates innate immune function. J. Biol. Chem. 
279, 30871-30879.  
Aldridge, C., Razzak, A., Babcock, T.A., Helton, W.S., and Espat, N.J. (2008). 
Lipopolysaccharide-Stimulated RAW 264.7 Macrophage Inducible Nitric Oxide 
Synthase and Nitric Oxide Production Is Decreased by an Omega-3 Fatty Acid Lipid 
Emulsion. J. Surg. Res. 149, 296-302.  
Alekshun, M.N., and Levy, S.B. (2007). Molecular Mechanisms of Antibacterial 
Multidrug Resistance. Cell 128, 1037-1050.  
Alhede, M., Bjarnsholt, T., Givskov, M., and Alhede, M. (2014). Pseudomonas 
aeruginosa Biofilms: Mechanisms of Immune Evasion. Adv. Appl. Microbiol. 86, 1-40.  
Amitani, R., Wilson, R., Rutman, A., Read, R., Ward, C., Burnett, D., Stockley, R.A., 
and Cole, P.J. (1991). Effects of human neutrophil elastase and Pseudomonas 
aeruginosa proteinases on human respiratory epithelium. Am. J. Respir. Cell Mol. Biol. 
4, 26-32.  
Archer, G.L. (1998). Staphylococcus aureus: A well-armed pathogen. Clin. Infect. Dis. 
26, 1179-1181.  
Barequet, I.S., Habot-Wilner, Z., Mann, O., Safrin, M., Ohman, D.E., Kessler, E., and 
Rosner, M. (2009). Evaluation of Pseudomonas aeruginosa staphylolysin (LasA 
protease) in the treatment of methicillin-resistant Staphylococcus aureus 
endophthalmitis in a rat model. Graefes Arch. Clin. Exp. Ophthalmol. 247, 913-917.  
Ben Haj Khalifa, A., Moissenet, D., Vu Thien, H., and Khedher, M. (2011). Virulence 
factors in Pseudomonas aeruginosa: mechanisms and modes of regulation. Ann. Biol. 
Clin. (Paris) 69, 393-403.  
Besier, S., Smaczny, C., von Mallinckrodt, C., Krahl, A., Ackermann, H., Brade, V., and 
Wichelhaus, T.A. (2007). Prevalence and clinical significance of Staphylococcus 
aureus small-colony variants in cystic fibrosis lung disease. J. Clin. Microbiol. 45, 168-
172.  
 109 
 
Bhatt, J.M. (2013). Treatment of pulmonary exacerbations in cystic fibrosis. Eur. Respir. 
Rev. 22, 205-216.  
Biava, M., Porretta, G.C., Deidda, D., and Pompei, R. (2006). New trends in 
development of antimycobacterial compounds. Infect. Disord. Drug Targets 6, 159-172.  
Biswas, L., Biswas, R., Schlag, M., Bertram, R., and Götz, F. (2009). Small-colony 
variant selection as a survival strategy for Staphylococcus aureus in the presence of 
Pseudomonas aeruginosa. Appl. Environ. Microbiol. 75, 6910-6912.  
Boles, B.R., and Horswill, A.R. (2008). Agr-mediated dispersal of Staphylococcus 
aureus biofilms. PLoS Pathog. 4,1-13 .  
Caldwell, C.C., Chen, Y., Goetzmann, H.S., Hao, Y., Borchers, M.T., Hassett, D.J., 
Young, L.R., Mavrodi, D., Thomashow, L., and Lau, G.W. (2009). Pseudomonas 
aeruginosa exotoxin pyocyanin causes cystic fibrosis airway pathogenesis. Am. J. 
Pathol. 175, 2473-2488.  
Ceri, H., Olson, M., Morck, D., Storey, D., Read, R., Buret, A., and Olson, B. (2001). 
The MBEC assay system: Multiple equivalent biofilms for antibiotic and biocide 
susceptibility testing. Meth. Enzymol. 337, 377-385.  
Chiu, F.-., and Lin, J.-. (2008). Tomatidine inhibits iNOS and COX-2 through 
suppression of NF-κB and JNK pathways in LPS-stimulated mouse macrophages. 
FEBS Lett. 582, 2407-2412.  
Choi, S.H., Ahn, J.-., Kozukue, N., Kim, H.-., Nishitani, Y., Zhang, L., Mizuno, M., Levin, 
C.E., and Friedman, M. (2012). Structure-activity relationships of α-, β 1-, γ-, and δ-
tomatine and tomatidine against human breast (MDA-MB-231), gastric (KATO-III), and 
prostate (PC3) cancer cells. J. Agric.Food Chem. 60, 3891-3899.  
Ciofu, O., Hansen, C.R., and Hoiby, N. (2013). Respiratory bacterial infections in cystic 
fibrosis. Curr. Opin. Pulm. Med. 19, 251-258.  
Clinical and Laboratory Standards Institute. (2011). Performance Standards for 
Antimicrobial Susceptibility Testing: Twentty-First Infomational Supplement M100-
S21.. CLSI, Wayne, PA, USA  
Coenye, T., and Nelis, H.J. (2010). In vitro and in vivo model systems to study microbial 
biofilm formation. J. Microbiol. Methods 83, 89-105.  
Cohen-Cymberknoh, M., Kerem, E., Ferkol, T., and Elizur, A. (2013). Airway 
inflammation in cystic fibrosis: molecular mechanisms and clinical implications. Thorax 
68, 1157-1162.  
 110 
 
Cornelis, P., and Dingemans, J. (2013). Pseudomonas aeruginosa adapts its iron 
uptake strategies in function of the type of infections. Front. Cell. Infect. Microbiol. 3, 
75.  
Cox, M.J., Allgaier, M., Taylor, B., Baek, M.S., Huang, Y.J., Daly, R.A., Karaoz, U., 
Andersen, G.L., Brown, R., Fujimura, K.E., et al. (2010). Airway microbiota and 
pathogen abundance in age-stratified cystic fibrosis patients. PLoS One 5, e11044.  
Cystic Fibrosis Canada. (2010). Canadian Cystic Fibrosis Patient Data Registry Report 
2008.  
Cystic Fibrosis Canada. (2014) Canadian Cystic Fibrosis Annual Report 2012  
Dasenbrook, E.C., Checkley, W., Merlo, C.A., Konstan, M.W., Lechtzin, N., and Boyle, 
M.P. (2010). Association between respiratory tract methicillin-resistant Staphylococcus 
aureus and survival in cystic fibrosis. JAMA 303, 2386-2393.  
Dasenbrook, E.C., Merlo, C.A., Diener-West, M., Lechtzin, N., and Boyle, M.P. (2008). 
Persistent methicillin-resistant Staphylococcus aureus and rate of FEV 1 decline in 
cystic fibrosis. Am. J. Respir. Crit. Care Med. 178, 814-821.  
Davies, J., and Davies, D. (2010). Origins and evolution of antibiotic resistance. 
Microbiol. Mol. Biol Rev. 74, 417-433.  
Davis, P.B. (2006). Cystic fibrosis since 1938. Am. J. Respir. Crit. Care Med. 173, 475-
482.  
de la Fuente-Nunez, C., Reffuveille, F., Fernandez, L., and Hancock, R.E. (2013). 
Bacterial biofilm development as a multicellular adaptation: antibiotic resistance and 
new therapeutic strategies. Curr. Opin. Microbiol. 16, 580-589.  
Dekimpe, V., and Déziel, E. (2009). Revisiting the quorum-sensing hierarchy in 
Pseudomonas aeruginosa: The transcriptional regulator RhlR regulates LasR-specific 
factors. Microbiology 155, 712-723.  
DeLeo, F.R., Diep, B.A., and Otto, M. (2009). Host Defense and Pathogenesis in 
Staphylococcus aureus Infections. Infect. Dis. Clin. North Am. 23, 17-34.  
Déziel, E., Lépine, F., Milot, S., He, J., Mindrinos, M.N., Tompkins, R.G., and Rahme, 
L.G. (2004). Analysis of Pseudomonas aeruginosa 4-hydroxy-2-alkylquinolines (HAQs) 
reveals a role for 4-hydroxy-2-heptylquinoline in cell-to-cell communication. Proc. Natl. 
Acad. Sci. U. S. A. 101, 1339-1344.  
 111 
 
Dubern, J.-., and Diggle, S.P. (2008). Quorum sensing by 2-alkyl-4-quinolones in 
Pseudomonas aeruginosa and other bacterial species. Mol. BioSyst. 4, 882-888.  
Emerson, J., Rosenfeld, M., McNamara, S., Ramsey, B., and Gibson, R.L. (2002). 
Pseudomonas aeruginosa and other predictors of mortality and morbidity in young 
children with cystic fibrosis. Pediatr. Pulmonol. 34, 91-100.  
Falconer, S.B., Czarny, T.L., and Brown, E.D. (2011). Antibiotics as probes of biological 
complexity. Nat. Chem.l Biol. 7, 415-423.  
Fardel, O., Lecureur, V., and Guillouzo, A. (1996). The P-glycoprotein multidrug 
transporter. Gen. Pharmacol. 27, 1283-1291.  
Fewell, A.M., and Roddick, J.G. (1997). Potato glycoalkaloid impairment of fungal 
development. Mycol. Res. 101, 597-603.  
Fewell, A.M., and Roddick, J.G. (1993). Interactive antifungal activity of the 
glycoalkaloids a-solanine and a-chaconine. Phytochemistry 33, 323-328.  
Flemming, H.C., and Wingender, J. (2010). The biofilm matrix. Nat. Rev. Microbiol. 8, 
623-633.  
Flume, P.A., O'Sullivan, B.P., Robinson, K.A., Goss, C.H., Mogayzel Jr., P.J., Willey-
Courand, D.B., Bujan, J., Finder, J., Lester, M., Quittell, L., et al. (2007). Cystic fibrosis 
pulmonary guidelines: Chronic medications for maintenance of lung health. Am. J. 
Respir. Crit. Care Med. 176, 957-969.  
Friedman, M. (2002). Tomato glycoalkaloids: Role in the plant and in the diet. J. Agric. 
Food Chem. 50, 5751-5780.  
Friedman, M., Henika, P.R., and Mackey, B.E. (2003). Effect of feeding solanidine, 
solasodine and tomatidine to non-pregnant and pregnant mice. Food Chem. Toxicol. 
41, 61-71.  
Fugere, A., Lalonde Seguin, D., Mitchell, G., Deziel, E., Dekimpe, V., Cantin, A.M., 
Frost, E., and Malouin, F. (2014). Interspecific Small Molecule Interactions between 
Clinical Isolates of Pseudomonas aeruginosa and Staphylococcus aureus from Adult 
Cystic Fibrosis Patients. PLoS One 9, 1-10.  
Gallagher, L.A., McKnight, S.L., Kuznetsova, M.S., Pesci, E.C., and Manoil, C. (2002). 
Functions required for extracellular quinolone signaling by Pseudomonas aeruginosa. 
J. Bacteriol. 184, 6472-6480.  
 112 
 
Gibson, R.L., Burns, J.L., and Ramsey, B.W. (2003). Pathophysiology and 
management of pulmonary infections in cystic fibrosis. Am. J. Respir. Crit. Care Med. 
168, 918-951.  
Girard, L.P., Ceri, H., Gibb, A.P., Olson, M., and Sepandj, F. (2010). MIC versus MBEC 
to determine the antibiotic sensitivity of Staphylococcus aureus in peritoneal dialysis 
peritonitis. Perit. Dial. Int. 30, 652-656.  
Gonzalez, D.J., Okumura, C.Y., Hollands, A., Kersten, R., Akong-Moore, K., Pence, 
M.A., Malone, C.L., Derieux, J., Moore, B.S., Horswill, A.R., et al. (2012). Novel phenol-
soluble modulin derivatives in community-associated methicillin-resistant 
Staphylococcus aureus identified through imaging mass spectrometry. J. Biol. Chem. 
287, 13889-13898.  
Goss, C.H., and Muhlebach, M.S. (2011). Review: Staphylococcus aureus and MRSA 
in cystic fibrosis. J. Cyst. Fibros. 10, 298-306.  
Govan, J.R., and Deretic, V. (1996). Microbial pathogenesis in cystic fibrosis: mucoid 
Pseudomonas aeruginosa and Burkholderia cepacia. Microbiol. Rev. 60, 539-574.  
Hall-Stoodley, L., and Stoodley, P. (2009). Evolving concepts in biofilm infections. Cell. 
Microbiol. 11, 1034-1043.  
Hao, Y., Kuang, Z., Walling, B.E., Bhatia, S., Sivaguru, M., Chen, Y., Gaskins, H.R., 
and Lau, G.W. (2012). Pseudomonas aeruginosa pyocyanin causes airway goblet cell 
hyperplasia and metaplasia and mucus hypersecretion by inactivating the 
transcriptional factor FoxA2. Cell. Microbiol. 14, 401-415.  
Harrison, F. (2007). Microbial ecology of the cystic fibrosis lung. Microbiology 153, 917-
923.  
Harrison, J.J., Stremick, C.A., Turner, R.J., Allan, N.D., Olson, M.E., and Ceri, H. 
(2010). Microtiter susceptibility testing of microbes growing on peg lids: A miniaturized 
biofilm model for high-throughput screening. Nat. Protoc. 5, 1236-1254.  
Hartl, D., Gaggar, A., Bruscia, E., Hector, A., Marcos, V., Jung, A., Greene, C., 
McElvaney, G., Mall, M., and Döring, G. (2012). Innate immunity in cystic fibrosis lung 
disease. J. Cyst. Fibros. 11, 363-382.  
Hill, D., Rose, B., Pajkos, A., Robinson, M., Bye, P., Bell, S., Elkins, M., Thompson, B., 
MacLeod, C., Aaron, S.D., and Harbour, C. (2005). Antibiotic susceptibilities of 
Pseudomonas aeruginosa isolates derived from patients with cystic fibrosis under 
aerobic, anaerobic, and biofilm conditions. J. Clin. Microbiol. 43, 5085-5090.  
 113 
 
Hoffman, L.R., Déziel, E., D'Argenio, D.A., Lépine, F., Emerson, J., McNamara, S., 
Gibson, R.L., Ramsey, B.W., and Miller, S.I. (2006). Selection for Staphylococcus 
aureus small-colony variants due to growth in the presence of Pseudomonas 
aeruginosa. Proc. Natl. Acad. Sci. U. S. A. 103, 19890-19895.  
Høiby, N., Ciofu, O., Johansen, H.K., Song, Z.-., Moser, C., Jensen, P.O., Molin, S., 
Givskov, M., Tolker-Nielsen, T., and Bjarnsholt, T. (2011). The clinical impact of 
bacterial biofilms. Int. J. Oral Sci. 3, 55-65.  
Hubert, D., Réglier-Poupet, H., Sermet-Gaudelus, I., Ferroni, A., Le Bourgeois, M., 
Burgel, P.-., Serreau, R., Dusser, D., Poyart, C., and Coste, J. (2013). Association 
between Staphylococcus aureus alone or combined with Pseudomonas aeruginosa 
and the clinical condition of patients with cystic fibrosis. J. Cyst. Fibros. 12, 497-503.  
Hunter, R.C., Klepac-Ceraj, V., Lorenzi, M.M., Grotzinger, H., Martin, T.R., and 
Newman, D.K. (2012). Phenazine content in the cystic fibrosis respiratory tract 
negatively correlates with lung function and microbial complexity. Am. J. Resp. Cell 
Mol. Biol. 47, 738-745.  
Jaffar-Bandjee, M.C., Lazdunski, A., Bally, M., Carrere, J., Chazalette, J.P., and 
Galabert, C. (1995). Production of elastase, exotoxin A, and alkaline protease in sputa 
during pulmonary exacerbation of cystic fibrosis in patients chronically infected by 
Pseudomonas aeruginosa. J. Clin. Microbiol. 33, 924-929.  
Jennings MT, Riekert KA, Boyle MP. (2014). Update on Key Emerging Challenges in 
Cystic Fibrosis.Med. Princ. Pract. 23, 393-402.  
Jesaitis, A.J., Franklin, M.J., Berglund, D., Sasaki, M., Lord, C.I., Bleazard, J.B., Duffy, 
J.E., Beyenal, H., and Lewandowski, Z. (2003). Compromised host defense on 
Pseudomonas aeruginosa biofilms: characterization of neutrophil and biofilm 
interactions. J. Immunol. 171, 4329-4339.  
Kahl, B., Herrmann, M., Everding, A.S., Koch, H.G., Becker, K., Harms, E., Proctor, 
R.A., and Peters, G. (1998). Persistent infection with small colony variant strains of 
Staphylococcus aureus in patients with cystic fibrosis. J. Infect. Dis. 177, 1023-1029.  
Kahl, B.C. (2010). Impact of Staphylococcus aureus on the pathogenesis of chronic 
cystic fibrosis lung disease. Int. J. Med. Microbiol. 300, 514-519.  
Kahl, B.C., Duebbers, A., Lubritz, G., Haeberle, J., Koch, H.G., Ritzerfeld, B., Reilly, 
M., Harms, E., Proctor, R.A., Herrmann, M., and Peters, G. (2003). Population 
dynamics of persistent Staphylococcus aureus isolated from the airways of cystic 
fibrosis patients during a 6-year prospective study. J. Clin. Microbiol. 41, 4424-4427.  
 114 
 
Kessler, E., Safrin, M., Olson, J.C., and Ohman, D.E. (1993). Secreted LasA of 
Pseudomonas aeruginosa is a staphylolytic protease. J. Biol. Chem. 268, 7503-7508.  
Kristian, S.A., Birkenstock, T.A., Sauder, U., Mack, D., Gotz, F., and Landmann, R. 
(2008). Biofilm formation induces C3a release and protects Staphylococcus 
epidermidis from IgG and complement deposition and from neutrophil-dependent 
killing. J. Infect. Dis. 197, 1028-1035.  
Krunkosky, T.M., Maruo, K., Potempa, J., Jarrett, C.L., and Travis, J. (2005). Inhibition 
of tumor necrosis factor-alpha-induced RANTES secretion by alkaline protease in A549 
cells. Am. J. Respir. Cell Mol. Biol. 33, 483-489.  
Kuang, Z., Hao, Y., Walling, B.E., Jeffries, J.L., Ohman, D.E., and Lau, G.W. (2011). 
Pseudomonas aeruginosa elastase provides an escape from phagocytosis by 
degrading the pulmonary surfactant protein-A. PLoS One. 6, 1-14.  
Lambiase, A., Raia, V., Del Pezzo, M., Sepe, A., Carnovale, V., and Rossano, F. 
(2006). Microbiology of airway disease in a cohort of patients with cystic fibrosis. BMC 
Infect. Dis. 6, 1-7. 
Lavie, Y., Harel-Orbital, T., Gaffield, W., and Liscovitch, M. (2001). Inhibitory effect of 
steroidal alkaloids on drug transport and multidrug resistance in human cancer cells. 
Anticancer Res. 21, 1189-1194.  
Lee, K., Kozukue, N., Han, J., Park, J., Chang, E., Baek, E., Chang, J., and Friedman, 
M. (2004). Glycoalkaloids and Metabolites Inhibit the Growth of Human Colon (HT29) 
and Liver (HepG2) Cancer Cells. J. Agric. Food Chem. 52, 2832-2839.  
Lépine, F., Milot, S., Déziel, E., He, J., and Rahme, L.G. (2004). Electrospray/mass 
spectrometric identification and analysis of 4-hydroxy-2-alkylquinolines (HAQs) 
produced by Pseudomonas aeruginosa. J. Am. Soc. Mass Spectrom. 15, 862-869.  
Lewis, K. (2008). Multidrug tolerance of biofilms and persister cells. Curr. Top. 
Microbiol. Immunol. 322, 107-131.  
Lewis, K. (2005). Persister cells and the riddle of biofilm survival. Biochemistry Mosc. 
70, 267-274.  
Linsdell, P. (2014). Cystic fibrosis transmembrane conductance regulator chloride 
channel blockers: Pharmacological, biophysical and physiological relevance. World J. 
Biol. Chem. 5, 26-39.  
Livraghi-Butrico, A., Kelly, E.J., Wilkinson, K.J., Rogers, T.D., Gilmore, R.C., Harkema, 
J.R., Randell, S.H., Boucher, R.C., O'Neal, W.K., and Grubb, B.R. (2013). Loss of Cftr 
 115 
 
function exacerbates the phenotype of Na+ hyperabsorption in murine airways. Am. J. 
Physiol. Lung Cell Mol. Physiol. 304, 469-480.  
Lyczak, J.B., Cannon, C.L., and Pier, G.B. (2002). Lung infections associated with 
cystic fibrosis. Clin. Microbiol. Rev. 15, 194-222.  
Lynch, S.V., and Bruce, K.D. (2013). The cystic fibrosis airway microbiome. Cold Spring 
Harb. Perspect. Med. 3, 1-7. 
Machan, Z.A., Taylor, G.W., Pitt, T.L., Cole, P.J., and Wilson, R. (1992). 2-Heptyl-4-
hydroxyquinoline N-oxide, an antistaphylococcal agent produced by Pseudomonas 
aeruginosa. J. Antimicrob. Chemother. 30, 615-623.  
Mack, W.N., Mack, J.P., and Ackerson, A.O. (1975). Microbial film development in a 
trickling filter. Microb. Ecol. 2, 215-226.  
Madan, J.C., Koestler, D.C., Stanton, B.A., Davidson, L., Moulton, L.A., Housman, 
M.L., Moore, J.H., Guill, M.F., Morrison, H.G., Sogin, M.L., et al. (2012). Serial analysis 
of the gut and respiratory microbiome in cystic fibrosis in infancy: interaction between 
intestinal and respiratory tracts and impact of nutritional exposures. mBio 3, 1-10.  
Manos, J., Hu, H., Rose, B.R., Wainwright, C.E., Zablotska, I.B., Cheney, J., Turnbull, 
L., Whitchurch, C.B., Grimwood, K., Harmer, C., et al. (2013). Virulence factor 
expression patterns in Pseudomonas aeruginosa strains from infants with cystic 
fibrosis. Eur. J. Clin. Microbiol. Infect. Dis. 32, 1583-1592.  
Mariencheck, W.I., Alcorn, J.F., Palmer, S.M., and Wright, J.R. (2003). Pseudomonas 
aeruginosa elastase degrades surfactant proteins A and D. Am. J. Respir. Cell Mol. 
Biol. 28, 528-537.  
Marrie, T.J., Nelligan, J., and Costerton, J.W. (1982). A scanning and transmission 
electron microscopic study of an infected endocardial pacemaker lead. Circulation 66, 
1339-1341.  
Mataraci, E., and Dosler, S. (2012). In vitro activities of antibiotics and antimicrobial 
cationic peptides alone and in combination against methicillin-resistant Staphylococcus 
aureus biofilms. Antimicrob. Agents Chemother. 56, 6366-6371.  
Milner, S.E., Brunton, N.P., Jones, P.W., O Brien, N.M., Collins, S.G., and Maguire, 
A.R. (2011). Bioactivities of glycoalkaloids and their aglycones from solanum species. 
J. Agric. Food Chem. 59, 3454-3484.  
Mishra, M., Byrd, M.S., Sergeant, S., Azad, A.K., Parsek, M.R., McPhail, L., 
Schlesinger, L.S., and Wozniak, D.J. (2012). Pseudomonas aeruginosa Psl 
 116 
 
polysaccharide reduces neutrophil phagocytosis and the oxidative response by limiting 
complement-mediated opsonization. Cell. Microbiol. 14, 95-106.  
Mitchell, G., and Malouin, F. (2012). Outcome and Prevention of Pseudomonas 
aeruginosa - Staphylococcus aureus Interaction During Pulmonary Infections in Cystic 
Fibrosis. Sriramulu, D. Cystic Fibrosis - Renewed Hopes through Research (Germany: 
InTech), pp.181-206.  
Mitchell, E., Houles, C., Sudakevitz, D., Wimmerova, M., Gautier, C., Perez, S., Wu, 
A.M., Gilboa-Garber, N., and Imberty, A. (2002). Structural basis for oligosaccharide-
mediated adhesion of Pseudomonas aeruginosa in the lungs of cystic fibrosis patients. 
Nat. Struct. Biol. 9, 918-921.  
Mitchell, G., Brouillette, E., Seguin, D.L., Asselin, A.E., Jacob, C.L., and Malouin, F. 
(2010). A role for sigma factor B in the emergence of Staphylococcus aureus small-
colony variants and elevated biofilm production resulting from an exposure to 
aminoglycosides. Microb. Pathog. 48, 18-27.  
Mitchell, G., Gattuso, M., Grondin, G., Marsault, É., Bouarab, K., and Malouin, F. 
(2011a). Tomatidine inhibits replication of Staphylococcus aureus small-colony variants 
in cystic fibrosis airway epithelial cells. Antimicrob. Agents Chemother. 55, 1937-1945.  
Mitchell, G., Grondin, G., Bilodeau, G., Cantin, A.M., and Malouin, F. (2011b). Infection 
of polarized airway epithelial cells by normal and small-colony variant strains of 
Staphylococcus aureus is increased in cells with abnormal cystic fibrosis 
transmembrane conductance regulator function and is influenced by NF-κB. Infect. 
Immun. 79, 3541-3551.  
Mitchell, G., Lafrance, M., Boulanger, S., Seguin, D.L., Guay, I., Gattuso, M., Marsault, 
E., Bouarab, K., and Malouin, F. (2012). Tomatidine acts in synergy with 
aminoglycoside antibiotics against multiresistant Staphylococcus aureus and prevents 
virulence gene expression. J. Antimicrob. Chemother. 67, 559-568.  
Mitchell, G., Séguin, D.L., Asselin, A.-., Déziel, E., Cantin, A.M., Frost, E.H., Michaud, 
S., and Malouin, F. (2010). Staphylococcus aureus sigma B-dependent emergence of 
small-colony variants and biofilm production following exposure to Pseudomonas 
aeruginosa 4-hydroxy-2-heptylquinoline-N-oxide. BMC Microbiol. 10,  
Mogayzel Jr., P.J., Naureckas, E.T., Robinson, K.A., Mueller, G., Hadjiliadis, D., Hoag, 
J.B., Lubsch, L., Hazle, L., Sabadosa, K., and Marshall, B. (2013). Cystic fibrosis 
pulmonary guidelines: Chronic medications for maintenance of lung health. Am. J. 
Physiol. Lung Cell Mol. Physiol. 187, 680-689.  
 117 
 
Mohammed, A.F., Abdul-Wahid, A., Huang, E.H., Bolewska-Pedyczak, E., Cydzik, M., 
Broad, A.E., and Gariepy, J. (2012). The Pseudomonas aeruginosa exotoxin A 
translocation domain facilitates the routing of CPP-protein cargos to the cytosol of 
eukaryotic cells. J. Control. Release 164, 58-64.  
Moskowitz, S.M., Foster, J.M., Emerson, J., and Burns, J.L. (2004). Clinically Feasible 
Biofilm Susceptibility Assay for Isolates of Pseudomonas aeruginosa from Patients with 
Cystic Fibrosis. J. Clin. Microbiol. 42, 1915-1922.  
Muller, M. (2006). Premature cellular senescence induced by pyocyanin, a redox-active 
Pseudomonas aeruginosa toxin. Free Radic. Biol. Med. 41, 1670-1677.  
Nayler, W.G., and Dillon, J.S. (1986). Calcium antagonists and their mode of action: An 
historical overview. Br. J. Clin. Pharmacol. 21, 97S-107S.  
Nenaah, G. (2011). Individual and synergistic toxicity of solanaceous glycoalkaloids 
against two coleopteran stored-product insects. J. Pest Sci. 84, 77-86.  
Nilsson, E., Amini, A., Wretlind, B., and Larsson, A. (2007). Pseudomonas aeruginosa 
infections are prevented in cystic fibrosis patients by avian antibodies binding 
Pseudomonas aeruginosa flagellin. J. Chromatogr. B. Analyt Technol. Biomed. Life. 
Sci. 856, 75-80.  
Norton, S.A. (1998). Useful plants of dermatology. III. Corticosteroids, Strophanthus, 
and Dioscorea. J. Am. Acad. Dermatol. 38, 256-259.  
Novick, R.P. (2003). Autoinduction and signal transduction in the regulation of 
staphylococcal virulence. Mol. Microbiol. 48, 1429-1449.  
Olson, M.E., Ceri, H., Morck, D.W., Buret, A.G., and Read, R.R. (2002). Biofilm 
bacteria: Formation and comparative susceptibility to antibiotics. Can. J. Vet. Res. 66, 
86-92.  
Otto, M. (2013). Staphylococcal infections: mechanisms of biofilm maturation and 
detachment as critical determinants of pathogenicity. Annu. Rev. Med. 64, 175-188.  
Pacheco, G.J., Reis, R.S., Fernandes, A.C., da Rocha, S.L., Pereira, M.D., Perales, J., 
and Freire, D.M. (2012). Rhamnolipid production: effect of oxidative stress on virulence 
factors and proteome of Pseudomonas aeruginosa PA1. Appl. Microbiol. Biotechnol. 
95, 1519-1529.  
Palomaki, G.E., FitzSimmons, S.C., and Haddow, J.E. (2004). Clinical sensitivity of 
prenatal screening for cystic fibrosis via CFTR carrier testing in a United States 
panethnic population. Genet. Med. 6, 405-414.  
 118 
 
Paquin, R. (1966). Study on the role of the glycoalkaloids in the resistance of potato to 
bacterial ring rot. Am. Potato J. 43, 349-354.  
Pastar, I., Nusbaum, A.G., Gil, J., Patel, S.B., Chen, J., Valdes, J., Stojadinovic, O., 
Plano, L.R., Tomic-Canic, M., and Davis, S.C. (2013). Interactions of Methicillin 
Resistant Staphylococcus aureus USA300 and Pseudomonas aeruginosa in 
Polymicrobial Wound Infection. PLoS ONE 8, 1-11.  
Plumb, J.A., Milroy, R., and Kaye, S.B. (1990). The activity of verapamil as a resistance 
modifier in vitro in drug resistant human tumour cell lines is not stereospecific. Biochem. 
Pharmacol. 39, 787-792.  
Pressler, T. (2011). Targeting airway inflammation in cystic fibrosis in children: past, 
present, and future. Paediatr. Drugs 13, 141-147.  
Proctor, R.A., Kahl, B., Von Eiff, C., Vaudaux, P.E., Lew, D.P., and Peters, G. (1998). 
Staphylococcal small colony variants have novel mechanisms for antibiotic resistance. 
Clin. Infect. Dis. 27, S68-S74.  
Proctor, R.A., von Eiff, C., Kahl, B.C., Becker, K., McNamara, P., Herrmann, M., and 
Peters, G. (2006). Small colony variants: A pathogenic form of bacteria that facilitates 
persistent and recurrent infections. Nature Reviews Microbiology 4, 295-305.  
Quinton, P.M. (1999). Physiological basis of cystic fibrosis: A historical perspective. 
Physiol. Rev. 79, S3-S22.  
Rada, B., Lekstrom, K., Damian, S., Dupuy, C., and Leto, T.L. (2008). The 
Pseudomonas toxin pyocyanin inhibits the dual oxidase-based antimicrobial system as 
it imposes oxidative stress on airway epithelial cells. J. Immunol. 181, 4883-4893.  
Rahme, L.G., Stevens, E.J., Wolfort, S.F., Shao, J., Tompkins, R.G., and Ausubel, F.M. 
(1995). Common virulence factors for bacterial pathogenicity in plants and animals. 
Science 268, 1899-1902.  
Ran, H., Hassett, D.J., and Lau, G.W. (2003). Human targets of Pseudomonas 
aeruginosa pyocyanin. Proc. Natl. Acad. Sci. U. S. A. 100, 14315-14320.  
Ratjen, F., Comes, G., Paul, K., Posselt, H.G., Wagner, T.O., Harms, K., and German 
Board of the European Registry for Cystic Fibrosis (ERCF). (2001). Effect of continuous 
antistaphylococcal therapy on the rate of P. aeruginosa acquisition in patients with 
cystic fibrosis. Pediatr. Pulmonol. 31, 13-16.  
Rubin, B.K. (2014). Cystic fibrosis: Myths. mistakes, and dogma. Paediatr. Respir. Rev. 
15, 113-116.  
 119 
 
Sadowska, B., Bonar, A., Von Eiff, C., Proctor, R.A., Chmiela, M., Rudnicka, W., and 
Róalska, B. (2002). Characteristics of Staphylococcus aureus, isolated from airways of 
cystic fibrosis patients, and their small colony variants. FEMS Immunol. Med. Microbiol. 
32, 191-197.  
Saiman, L. (2011). Infection prevention and control in cystic fibrosis. Curr. Opin. Infect. 
Dis. 24, 390-395.  
Samuelsen, O., Haukland, H.H., Kahl, B.C., von Eiff, C., Proctor, R.A., Ulvatne, H., 
Sandvik, K., and Vorland, L.H. (2005). Staphylococcus aureus small colony variants 
are resistant to the antimicrobial peptide lactoferricin B. J. Antimicrob. Chemother. 56, 
1126-1129.  
Sandrock, R.W., and VanEtten, H.D. (1998). Fungal sensitivity to and enzymatic 
degradation of the phytoanticipin a-tomatine. Phytopathology 88, 137-143.  
Scharfman, A., Van Brussel, E., Houdret, N., Lamblin, G., and Roussel, P. (1996). 
Interactions between glycoconjugates from human respiratory airways and 
Pseudomonas aeruginosa. Am. J. Respir. Crit. Care Med. 154, S163-9.  
Scott, RD II. (2009). The Direct Medical Costs of Healthcare-Associated Infections in 
U.S. Hospitals and the Benefits of Prevention. Centers for Disease Control and 
Prevention. http://www.cdc.gov/hai/pdfs/hai/scott_costpaper.pdf  
Sibley, C.D., and Surette, M.G. (2011). The polymicrobial nature of airway infections in 
cystic fibrosis: Cangene gold medal lecture. Can. J. Microbiol. 57, 69-77.  
Simons, V., Morrissey, J.P., Latijnhouwers, M., Csukai, M., Cleaver, A., Yarrow, C., and 
Osbourn, A. (2006). Dual effects of plant steroidal alkaloids on Saccharomyces 
cerevisiae. Antimicrob. Agents Chemother. 50, 2732-2740.  
Singh, R., Ray, P., Das, A., and Sharma, M. (2010). Enhanced production of 
exopolysaccharide matrix and biofilm by a menadione-auxotrophic Staphylococcus 
aureus small-colony variant. J. Med. Microbiol. 59, 521-527.  
Singh, R., Ray, P., Das, A., and Sharma, M. (2009). Role of persisters and small-colony 
variants in antibiotic resistance of planktonic and biofilm-associated Staphylococcus 
aureus: an in vitro study. J. Med. Microbiol. 58, 1067-1073.  
Sinha, B., and Herrmann, M. (2005). Mechanism and consequences of invasion of 
endothelial cells by Staphylococcus aureus. Thromb. Haemost. 94, 266-277.  
 120 
 
Sotirova, A.V., Spasova, D.I., Galabova, D.N., Karpenko, E., and Shulga, A. (2008). 
Rhamnolipid-biosurfactant permeabilizing effects on gram-positive and gram-negative 
bacterial strains. Curr. Microbiol. 56, 639-644.  
Soto, S.M. (2013). Role of efflux pumps in the antibiotic resistance of bacteria 
embedded in a biofilm. Virulence 4, 223-229.  
Spencer, J., Murphy, L.M., Conners, R., Sessions, R.B., and Gamblin, S.J. (2010). 
Crystal structure of the LasA virulence factor from Pseudomonas aeruginosa: substrate 
specificity and mechanism of M23 metallopeptidases. J. Mol. Biol. 396, 908-923.  
Staugas, R.E., Harvey, D.P., Ferrante, A., Nandoskar, M., and Allison, A.C. (1992). 
Induction of tumor necrosis factor (TNF) and interleukin-1 (IL-1) by Pseudomonas 
aeruginosa and exotoxin A-induced suppression of lymphoproliferation and TNF, 
lymphotoxin, gamma interferon, and IL-1 production in human leukocytes. Infect. 
Immun. 60, 3162-3168.  
Stewart, P.S. (2002). Mechanisms of antibiotic resistance in bacterial biofilms. Int. J. 
Med. Microbiol. 292, 107-113.  
Stewart, P.S., and Franklin, M.J. (2008). Physiological heterogeneity in biofilms. Nat. 
Rev. Microbiol. 6, 199-210.  
Stoodley, P., Sauer, K., Davies, D.G., and Costerton, J.W. (2002). Biofilms as complex 
differentiated communities. Annu. Rev. Microbiol. 56, 187-209.  
Stutman, H.R., Lieberman, J.M., Nussbaum, E., and Marks, M.I. (2002). Antibiotic 
prophylaxis in infants and young children with cystic fibrosis: a randomized controlled 
trial. J. Pediatr. 140, 299-305.  
Toté, K., Berghe, D.V., Deschacht, M., de Wit, K., Maes, L., and Cos, P. (2009). 
Inhibitory efficacy of various antibiotics on matrix and viable mass of Staphylococcus 
aureus and Pseudomonas aeruginosa biofilms. Int. J. Antimicrob. Agents 33, 525-531.  
Tuchscherr, L., Medina, E., Hussain, M., Völker, W., Heitmann, V., Niemann, S., 
Holzinger, D., Roth, J., Proctor, R.A., Becker, K., Peters, G., and Löffler, B. (2011). 
Staphylococcus aureus phenotype switching: An effective bacterial strategy to escape 
host immune response and establish a chronic infection. EMBO Mol. Med. 3, 129-141.  
Usher, L.R., Lawson, R.A., Geary, I., Taylor, C.J., Bingle, C.D., Taylor, G.W., and 
Whyte, M.K.B. (2002). Induction of neutrophil apoptosis by the Pseudomonas 
aeruginosa exotoxin pyocyanin: A potential mechanism of persistent infection. J. 
Immunol. 168, 1861-1868.  
 121 
 
Vaara, M. (2010). Polymyxins and their novel derivatives. Curr. Opin. Microbiol. 13, 
574-581.  
van Gennip, M., Christensen, L.D., Alhede, M., Qvortrup, K., Jensen, P.O., Hoiby, N., 
Givskov, M., and Bjarnsholt, T. (2012). Interactions between polymorphonuclear 
leukocytes and Pseudomonas aeruginosa biofilms on silicone implants in vivo. Infect. 
Immun. 80, 2601-2607.  
Vanderhelst, E., De Wachter, E., Willekens, J., Piérard, D., Vincken, W., and Malfroot, 
A. (2013). Eradication of chronic methicillin-resistant Staphylococcus aureus infection 
in cystic fibrosis patients. An observational prospective cohort study of 11 patients. J. 
Cyst. Fibros.  
Voggu, L., Schlag, S., Biswas, R., Rosenstein, R., Rausch, C., and Götz, F. (2006). 
Microevolution of cytochrome bd oxidase in staphylococci and its implication in 
resistance to respiratory toxins released by Pseudomonas. J. Bacteriol. 188, 8079-
8086.  
Wilson, R., Pitt, T., Taylor, G., Watson, D., MacDermot, J., Sykes, D., Roberts, D., and 
Cole, P. (1987). Pyocyanin and 1-hydroxyphenazine produced by Pseudomonas 
aeruginosa inhibit the beating of human respiratory cilia in vitro. J. Clin. Invest. 79, 221-
229.  
Woods, D.E., Bass, J.A., Johanson, W.G.,Jr, and Straus, D.C. (1980). Role of 
adherence in the pathogenesis of Pseudomonas aeruginosa lung infection in cystic 
fibrosis patients. Infect. Immun. 30, 694-699.  
Yagci, S., Hascelik, G., Dogru, D., Ozcelik, U., and Sener, B. (2013). Prevalence and 
genetic diversity of Staphylococcus aureus small-colony variants in cystic fibrosis 
patients. Clin. Microbiol. Infect. 19, 77-84.  
Zielenski, J., and Tsui, L.C. (1995). Cystic fibrosis: genotypic and phenotypic variations. 
Annu. Rev. Genet. 29, 777-807.  
 
